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Dear Sir: 



I, Ramon Bisque, state as follows: 

1 . I received a Bachelor of Science in Chemistry from St. Norbert College in 1 953 ; a 
Master of Science in Chemistry from Iowa State University in 1956; a Master of Science in 
Geology from Iowa State University in 1957; and a Ph. D. in Geology-Chemistry from Iowa 
State University in 1959. 

2. I have been a certified professional geologic scientist since 1967 and am a Fellow 
of the American Association for the Advancement of Science. 

3. From 1959 through 1990, 1 was a professor at the Colorado School of Mines, for 
which employment I have been designated as a Professor Emeritus. During 1964 through 1967, 1 
was on leave from the Colorado School of Mines and was initially an Associate 
Director/Consultant and later a Director of the Earth Science Curriculum Project for the 
American Geological Institute. I was a co-founder of Earth Sciences, Inc., (at one time the parent 
of both ADA Environmental Solutions, LLC and ADA Environmental Solutions, Inc.) and have 
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been employed by the company from 1972 to present. During my career, I have been involved in 
a wide diversity of areas including resource exploration and development, soil geochemistry, 
weathering, exploration geochemistry, analysis of mechanisms of silicate reactions, collection 
and determination of trace elements, and utility flue gas contaminant removal. Since 1997, 1 
have been involved on behalf of ADA Environmental Solutions, Inc., in analyzing the results of 
full-scale testing of additives utilized in coal-fired power plants. These analyses were performed 
to understand the mechanisms of key reactions involved and attempt to move from the art to 
science" with the ultimate goal of predicting behavior of other additives. 

4. In these areas, I have authored, solely or jointly with others, 27 published articles 
and two books. 

5 . I submit that I am qualified to testify as to the understanding of one of ordinary 
skill in the relevant arts of chemistry and geochemistry at the time the above-identified 
application and the provisional application (from which the above-identified application claims 
priority) were filed. 

6. I am a shareholder (less than 5% of the outstanding stock), Chairman of the Board 
of Directors, and a part-time employee of ADA Environmental Solutions, Inc., which wholly 
owns ADA Environmental Solutions, LLC, the assignee of the above application. I am not an 
inventor of the above application. 

7. In connection with the Office Action mailed January 29, 2004, 1 reviewed the 
following documents: (a) the Office Action; (b) U.S. Patent 6,484,651 to Shepard, Jr., et al. ("the 
Shepard Patent"); (c) the above application ("the Subject Application"); and (d) U.S. Provisional 
Application Serial No. 60/213,91 5, filed June 26, 2000, entitled "Low-Cost Technology to 
Improve Operation of Cyclone Furnaces Firing Low-Sulfur Western Coals" ("Provisional 
Application") from which the Subject Application claims priority. 
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8. At the outset, it is important to understand that, in certain embodiments, the 
Provisional Application, Subject Application, and Shepard Patent are directed to the same 
invention. They each disclose the combustion of the same fuel in the same type of combustion 
chamber in the presence of the same iron-bearing material additive under the same temperature 
regime. The fuel is a low sulfur western or eastern coal (see, e.g., Provisional Application at 
pages 1 and 3; Subject Application at Figure 2, page 2, lines 15-17, page 3, lines 9-12, page 4, 
lines 3-4 and 7-9, and page 6, lines 4-5; and Shepard Patent at col. 1, line 62-col. 2, line 3, col. 3, 
lines 26-34 and 55-57and Fuels 3 and 4). The combustion chamber is a "slag tap" or "wet 
bottom" boiler, such as a cyclone-type boiler (see, e.g., Provisional Application at pages 1-5 and 
7-8; Subject Application at Figure 1, page 1, lines 18-26, page 5, lines 16-17, page 6, lines 4-5 
and 15-18, and page 18, lines 12-13; and Shepard Patent at col. 2, lines 7-8, col. 4, lines 7-10). 
The iron-bearing material is mill scale from steel production or dust from blast furnace gas 
cleaning equipment (see, e.g., Provisional Application at pages 4 and 6; Subject Application at 
page 12, lines 7-12; and Shepard Patent at col. 4, lines 15-16, col. 8, lines 4-5). The temperature 
regime is that necessary to combust the solid fuel and melt the ash content of the fuel to form 
slag, (see, e.g., Provisional Application at pages 1-5 and 7-8; Subject Application at page 2, lines 
14-15, page 6, lines 4-5 and lines 15-18, Figures 7-8 and page 20, lines 1-21; and Shepard Patent 
at col. 2, lines 4-50, col. 5, lines 10-50). In chemistry, it is elementary that the use of the same 
reactants under the same reaction conditions in the same reactor will produce the same results. 
Thus, the various claim limitations discussed below are inherent in the disclosures of the 
Provisional and Subject Applications. 

9. At page 3 of the Office Action, the Examiner states that the carbon compound 
limitation of claim 1 of the Subject Application, namely that "at least one carbon compound 
promoting reduction of iron oxides" be introduced along with the iron-bearing material, fails to 
comply with the written description requirement of 35 U.S.C.§1 12, first paragraph, because the 
limitation was not described in the specification of the above application in such a way as to 
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reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention. 

10. I disagree. Although the Shepard patent fails to identify the precise carbon 
compound(s) referenced by this phrase, it states at col. 8, lines 13-16, that "[c]arbon may be 
present in the iron-bearing materials in the form of, for example, blast furnace flue dust, or 
carbon may be added to these materials to promote reduction of the iron oxides to more readily 
flux the fuel ash." From this sentence, it is my understanding that the carbon referenced in the 
Shepard patent is in the form of elemental carbon, coke, and/or hydrocarbons. The Subject and 
Provisional Applications each reference a number of carbon compounds that would be 
understood by one of ordinary skill in the art to promote reduction of iron oxides, such as 
hematite, magnetite, and wustite, under the thermal conditions of the combustion chamber. 
These compounds include hydrocarbons in the coal feed itself (Provisional Application at page 7 
and Subject Application at page 6, lines 6-14); oils and greases (Provisional Application at page 
4 and Subject Application at page 12, lines 14-17); xanthum gum (Provisional Application at 
page 6 and Subject Application at page 13, lines 10-13); and residual hydrocarbons remaining in 
the boiler slag, which maybe added to the iron-bearing material as a flow aid (Provisional 
Application at page 8 and Subject Application at page 15, lines 1-2). Moreover, as admitted in 
part by the Shepard patent, iron-oxide reducing carbon compound(s) will be inherently present in 
the iron-bearing material itself when the iron-bearing material is a byproduct of steel and iron 
manufacturing, such as Basic Oxygen Furnace or BOF flue dust or precipitator fines, blast 
furnace flue dust, electric arc furnace dust, and mill scale fines (Provisional Application at page 4 
and Subject Application at page 12, lines 7-12, and page 18, lines 13-14). 

11. For these reasons, one of ordinary skill in the art, based on the Specifications of 
the Subject and Provisional Applications, would conclude that, at the time each application was 
filed, the inventors had possession of an iron-containing additive containing at least one carbon 
compound to promote reduction of iron oxides in the iron-containing additive. 
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12. At pages 3 and 5 of the Office Action, the Examiner states that the Ash Fusion 
Temperature or AFT-characteristic limitation of claims 1, 19, and 24 of the Subject Application, 
namely that an ash slag produced by combusting the solid fuel in the presence of the iron-bearing 
material has "at least one ash fusion temperature characteristic selected from the group consisting 
of initial deformation temperature, softening temperature, hemispherical temperature, and fluid 
temperature is less than the same ash fusion temperature characteristic of a second ash slag 
produced from combustion of the solid fuel alone", fails to comply with the written description 
requirement of 35 U.S.C.§1 12, first paragraph, because the limitation was not described in the 
specification of the above application in such a way as to reasonably convey to one skilled in the 
relevant art that the inventor(s), at the time the application was filed, had possession of the 
claimed invention. 

13. I disagree. The Subject and Provisional Applications each state that the iron- 
bearing additive fluxes the ash (Provisional Application at pages 3-4, 5, and 7 and Subject 
Application at page 5, lines 13-14, page 6, lines 19-22, page 8, lines 10-1 1) and lowers the 
melting temperature of the ash (Provisional Application at page 1 and Subject Application at 
page 7, lines 15-18, Figures 7-8, and page 20, lines 1-21). The AFT characteristics of initial 
deformation temperature, softening temperature, hemispherical temperature, and fluid 
temperature represent a continuum of constituent melting points leading to the complete melting 
of the ash. The characteristics are arbitrary and established by subjective visual observation. 

1 4. According to pages 20-5 through 20-7 of "Steam/its generation and use ", by 
Babcock & Wilcox (1972) ("the Babcock & Wilcox Article" attached hereto as Exhibit "A"), the 
AFT properties are determined as part of the ASTM Standard D 1857, Fusibility of Coal and 
Coke Ash". According to the standard, an ash sample is prepared by burning coal under 
oxidizing conditions at temperatures of 1470 to 1650°F. The ash is pressed into a mold to form a 
triangular pyramid cone 0.75 in. in height with a 0.25 in. triangular base. The cone is heated in a 
furnace at a controlled rate to provide a temperature increase of 15°F per minute. The initial 
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deformation temperature (IT or ID) refers to the temperature at which the tip of the pyramid 
begins to fuse or show signs of deformation. The softening temperature (ST) is the temperature 
at which the sample has deformed to a spherical shape where the height of the cone is equal to 
the width at the base (H=W). The softening temperature is commonly referred to as the fusion 
temperature. The hemispherical temperature (HT) is the temperature at which the cone has fused 
down to a hemispherical lump and the height equals one half the width of the base (H=1/2W). 
The fluid temperature (FT) is the temperature at which the ash cone has melted to a nearly flat 
layer with a maximum height of 0.0625 in. 

15. It is well known that each of the AFT characteristics, namely IT, ST, HT, and FT, 
represent a melting point of one or more ash constituents. Regarding the relationship between 
the AFT properties and the melting point of the ash, the Babcock & Wilcox Article states: 

The gradual deformation of the ash cone is generally considered to result 
from differences in melting characteristics of the various ash constituents. As the 
temperature of the sample is increased, compounds with lowest melting 
temperature begin to melt, causing the initial deformation. As the temperature 
continues to increase, more of the compounds melt and the degree of deformation 
proceeds to the softening and hemispherical stages. The process continues until 
the temperature is higher than the melting point of most of the ash constituents 
and the fluid stage is reached. 

(The Babcock & Wilcox Article at page 20-6.) 

16. For at least these reasons at the times that the Subj ect and Provisional 
Applications were filed, one of ordinary skill in the art would understand the phrase, 
"melting temperature of the ash" (as used in the Subject and Provisional Applications), to 
refer to the last (or highest) of a sequence of melting points for differing ash constituents 
and require that each of the lower melting point constituents have melted. The melting 
temperature of the ash is therefore synonymous with the fluid temperature. 
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17. Regarding the AFT-characteristic limitation and the fluxing limitation, 
namely that the "iron bearing material fluxes the ash slag" in claims 1, 1 1, 19, 24 and 33 
{see Office Action at pages 3, 4, 5, and 33), the Provisional and Subject Applications 
further use the term "flux" and "fluxing agent". (Provisional Application at pages 1, 3-4, 
and 6-8 and Subject Application at page 5, lines 13-14, page 6, lines 19-22, page 8, lines 
10-11). According to Hawley's Condensed Chemical Dictionary, "flux" is defined as 
"[a] substance that promotes fusing of minerals or metals or prevents the formation of 
oxides." It further defines "fuse" as "[o]f a solid, to melt, e.g., a fused salt." (Emphasis 
supplied.) The terms "flux" and "fuse" would further suggest to one of ordinary skill in 
the art that the various melting points of the ash constituents, denoted by the AFT 
properties, are lowered by the iron-bearing additive disclosed in the Provisional and 
Subject Applications. 

1 8. The Provisional and Subject Applications further refer to the iron- 
containing additive lowering the T 250 (or the temperature at which the ash would have a 
viscosity of 250 poise and is an important indicator for the minimum temperature at 
which the slag will flow) for low-sulfur eastern and western coals having low iron and 
high calcium contents. (Provisional Application at pages 1 and 4-5 and Subject 
Application at Figure 2, page 2, lines 15-17, page 7, lines 15-18, page 9, lines 14-15, page 
19, lines 5-10, Figures 7-8 and page 20, lines 3-21). As shown in Figure 7 of the Subject 
Application, the iron-containing additive lowers the slag viscosity, at temperatures above 
about 2275°F, compared to a slag when no additive is used. It is inherent that the use of 
the iron-bearing material to lower the T 250 of low-sulfur coals having low iron and high 
calcium contents will lower each of the AFT properties referenced above. 

19. For at least the reasons set forth above, the AFT-characteristic and fluxing 
limitations are each described in the Specifications of both the Provisional and Subject 
Applications in such a way as to reasonably convey to one skilled in the relevant art that 
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the inventors, at the time each of the applications was filed, had possession of the claimed 
invention. 

20. Claims 1,19, and 24 further require the iron-bearing material to cause a 
reduction in at least one AFT characteristic and ash slag melting point relative to the ash 
slag in the absence of the iron-bearing material. The Provisional and Subject 
Applications further refer to the iron-containing additive lowering the T 2S0 (or the 
temperature at which the ash would have a viscosity of 250 poise and is an important 
indicator for the minimum temperature at which the slag will flow) for low-sulfur western 
and eastern coals having low iron and high calcium contents. (Provisional Application at 
pages 1 and 4-5 and Subject Application at Figure 2, page 2, lines 15-17, page 7, lines 15- 
18, page 9, lines 14-15, page 19, lines 5-10, Figures 7-8 and page 20, lines 3-21). As 
shown in Figures 7-8 of the Subject Application, the iron-containing additive lowers the 
slag viscosity, at temperatures above about 2275°F, compared to a slag when no additive 
is used. It is inherent that lowering the T 250 of low-sulfur coals having low iron and high 
calcium contents will lower each of the AFT properties referenced above. 

2 1 . Finally, at pages 4, 5 , and 6 of the Office Action, the Examiner states that 
the claimed requirements (of claims 3,17, 22, and 36) that the at least one AFT 
characteristic or melting point of the composite ash slag be less than 2,600°F fail to 
comply with the written description requirement of 35 U.S.C.§1 12, first paragraph, 
because the limitation was not described in the specification of the above application in 
such a way as to reasonably convey to one skilled in the relevant art that the inventor(s), 
at the time the application was filed, had possession of the claimed invention. 

22. I disagree. The Provisional Application at page 1 and the Subject 
Application at page 2, lines 14-15, disclose that the ash (from which the molten slag is 
formed), in cyclone boilers, must be melted at normal combustion temperatures ranging 
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from 2,600 to 3,000°F. Moreover, the Subject Application at page 20 and in Figure 7 
shows that the ash/slag is melted at a temperature below 1,900°F. 

23. For at least the reasons set forth above, the requirement referenced in f21 
is described in the Specifications of both the Provisional and Subject Applications in such 
a way as to reasonably convey to one skilled in the relevant art that the inventor(s), at the 
time each of the applications was filed, had possession of the claimed invention. 

24. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further, that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 



Respectfully submitted, 



Date: 



.2 oo 
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Chapter 10 



Over the years continuing advances have been made in 
the methods of burning coal. The introduction of 
pulverized-coal firing in the 19Z0's was a major advance, 
providing advantages over stoker firing as listed in Chap- 
ter 9. Today, pulverized-coal firing is highly developed 
and is still die best way to burn many types of coal, par- 
ticularly the higher grades and ranks. 

However, during the last 35 years, another method of 
burning coal, the Cyclone Furnace, has been developed 
and is now widely used. Cyclone-Furnace firing repre- 
sents the most significant advance in coal firing since the 
introduction of pulverized coal. 

The Cyclone Furnace is applicable to coals having a 
slag viscosity of 250 poises at 2800F or lower, provided 
the ash analysis does not indicate excessive formation 
of iron or iron pyrites (see Suitability of Fuels for the 
Cyclone Fvrrwce), With these coals, Cyclone-Fumace 
firing provides the benefits obtainable with pulverized- 
coal firing plus the following advantages: 

1. Reduction in fly ash content in the flue gas, 

2. Saving in the cost of fuel preparation, since only 
crushing is required instead of pulverization. 

3. Reduction in furnace size-. 

For further understanding a discussion of the combus- 
tion of coal particles may be helpful, particularly if this 
is considered in the framework of the three Ts" of com- 
bustion (ChapterB) with special emphasis on turbulence 
(mixing) and time. 

When coal is bumed in boiler furnaces, the combus- 
tion of hydrogen is accomplished without difficulty, but 
successful combustion of carbon to C0 2 requires special 
measures to assure a continuing supply of Oxygen in con- 
tact with carbon particles as long as they remain un- 
bumed. Not only must there be intimate mixing of the 
coal particles and air; there must also be sufficient tur- 
bulence to remove the combustion products as they form 
at the surface of the fuel and provide fresh air at the 
fuel surface to continue combustion. The greater the tur- 
bulence the more rapid the process; hence less time is 
required for combustion. 

With pulverized-coal firing, the coal is reduced to a 
powder, so fine that approximately 70 percent will pass a 
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Cyclone Furnaces 



200-mesh screen. The finely pulverized coal is then very 
intimately mixed with combustion air in the burner, how- 
ever, after this initial mixing the tiny coal particles are 
merely carried along in the air stream, and very little 
additional scrubbing by the air occurs. Thus, further con- 
tact of oxygen with the coal must be largely by diffusion. 
The furnace consequently has to be relatively large to 
give die necessary retention time for oxygen to diffuse 
through the blanketing CO* layer to reach the coal pani- 
cles and, at the same time, temperatures roust be suf- 
ficiently high to complete combustion- After combustion, 
since the residual ash. particles are much smaller than 
even the original tiny pulverized-coal particles, the 
former are easily earned ak>ng with the flue gases from 
the furnace and through the boiler setting. 

At the same time the pulverized-coal-fired boiler fur-: 
nace also has the function of cooling the combustion 




Fig. 1 Tne Cyclone Furnace, in tne form of a Horizontal cylin- 
der, is completely water cooled by connection to tne mam 
Doiier circulation. All comoustion gases leave twougn the re- 
entrant throat at trie rear. Molten slag drams from tfie Bottom 
at tpe rear wrOugn a Small opening into tne adjacent Doiier 
furnace- 
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ea5es so that when they enter the convection surfaces 
£5 are below the temperature at which sUg^occua 
TWS function conflicts with that of maintauung the high 
iSU necessary to complete combust**. It would 
therefore be advantageous to separate these functions^ 
SovTdSg a separated combustion chamber where 
QXin ^ temperature may be mailed 
S usmg the main boile/furnace primarily to cool the 

T^years engineer, recognized this need and 
actively explored basic changes in the design of furnaces 
and fuel-burning equipment to improve combustton and 
frnJS performance. \n add-on significant change rm 
avadabilvty and use of coal further increased the need 
tonew designs, e.g., demands for higher gradesj co al 
W depleted many seams, and others have been re- 
Sed& metallurgical and other uses. Mechamzauonm 
coal mining has increased the ash content of mined coal. 

Washing is widely used to lower ash and sulfur con- 
tend; however, this is an added expense {see ChajnerB^ 
The industrial growth of the Western portion of the 
LL^ rich in reserves of subbituminous and l.gmtic 
.oTferamdly increasing the consumption of these Wr 
rSks oS. This has furthered the need for equipment 
£llv\mtible for the lower grades and ranks of high-ash, 
££K£ temperature co^The Cyclone Furnace * an 
^growth of efforts to meet these needs and tc .overcome 
difficulties encountered with other firing methods. 

Principle of operation 

The Cyclone Furnace (Fig. 1) is a water-cooled horizon- 
il cylinder in which fuel is fired, heat » ***** £ 
tremcly high rates, and combustion is completed. Its 
water-cooled surfaces are studded, and covered with 
refractory over most of their area (see Cncprer J6) Coal 
crushed in a simple crusher, so that approximately 95 
percent will pass a 4-mesh screen, is introduced mtc .the 
Lmer end ol the cyclone. About 20 percent oi i the com- 
bustion air, termed primary air also enters the burner 
tangentially and imparts a whirling motion to the m- 
2 ; coal. Secondary air with a velocity -of appmxi- 
mately 300 fps is admitted in the same direction tangen- 
uSy at theVoof of the main barrel of the cyclone and 
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Total Sulfur .n Cmi. %-Dry Basis 

Fig. Z Coal suitaOihly for Cyclone Furnaces Based on tendency 
to form Ton and iron sulfide. 



One-Wall F.nng OppwoO F.r.ng 
Fig. 3 Finng arrangements used witr. Cyclone Furnaces- 

imparts a further whirling or centrifugal action to Jhe 
coal particles. A small amount of air (up to about ) 
i> admitted at the center of the burner. This vs known as 
-tertiary" air (Fig. J)- 

The combustible is burned from the fuel at heat re- 
lease rates of 450,000 to 800,000 Btu/cu ft hi, .and gas 
temperatures exceeding 3000F are developed^ These 
temperatures are sufficiently high to melt the ash mto a 
liquid slag, which forms a layer on the walls of die .cy- 
clone. The incoming coal particles (except for a few fines 
that are burned in suspension) are thrown to the v/aUs 
by centrifugal force, held in the slag, and scribed by 
the high-velocity tangential secondary aar. Thus *e wr 
required to bum the coal is quickly supplied, and the 
products of combustion are rapidly removed. 

The release of heat per cu ft in the Cyclone Furnace is 
very high. However, there is only a small amount of sur- 
face in the cyclone and this surface is partially insulated 
by the covering slag layer. Heat absorption xates range 
from 40.000 to 80,000 Btu/sq ft, hr. This combination of 
Lb heat release and low W absorption assures the 
high temperatures necessary to complete combustion and 
to providVthe desired liquid slag covering of the surface. 

The caseous products of combustion are discharged 
through the water-cooled re-entrant throat of the cyclone 
( Fig. J ) into the gas-cooling boiler furnace. Molten slag 
in excess of the thin layer retained on the ^.^ u * 
ally drains away from the burner end and ^charges 
through the slag tap opening, shown in Fig. I. tc tpe 
boiler furnace, from which it is tapped mto a slag ttnk, 
solidified, and disintegrated for disposal (see Slag Hrm- 

^SfflSi of -rnbustion the fuel is burned 
quickly and completely m the small cyclone chamber 
and the boiler f urnace'is used only for cooling the flue 
gases. Most of the ash is retained as a liquid slag and 
tapped into the slag tank under the boiler furnace. Thus, 
rhf quaSv of fly ash is low and its particle size so fine 
Sat^siorfof boiler beating surfaces is not experienced 
even at high gas velocities. 

Suitability of fuels for the Cyclone Furnace 

The Cycbne Furnace is capable of burning successfully 
a large ? variety of fuels, A wide range of coals varying in 
ranklrom lo2 volatile bituminous to Hgmte may be suc- 
cessfully burned, and in addition other solid fuel, such 
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One of ihe two important criteria for coal suitability is 
the total amount of sulfur compared to the ratio of iron 
to calcium and magnesium (Fig- 2). This comparison 
gives an indication of the tendency of the coal to form 
iron and iron sulfide, both of which are very undesirable 
in the Cyclone Furnace. Coals with too high sulfur con- 
tent and/or a high iron ratio are not considered suitable. 

The other important criterion for establishing the suit- 
ability of coal for firing in the cyclone is the viscosity of 
the slag formed from the ash. Since satisfactory combus- 
tion of coal depends on the formation of a Uqmd slag 
layer in the cyclone, and since ash is removed from the 
cyclone and primary furnace in fluid form, the viscosity 
of the slag must permit slag flow at the temperatures 
experienced in the cyclone and primary furnace, tieia 
experience with many different coals together with ex- 
tensive investigation of ash characteristics has provided 
information for evaluating coal suitability, from a 'slag 
tapping standpoint, without actual firing tests. 

Slag will just flow on a horizontal surface at a viscosity 
of 250 poises. The temperature at which this viscosity 
occurs (T 25 o) is used as the criterion to determine the 
suitability of a coal from this pint of view. The T^ is 
calculated from a chemical analysis of the coal ash, and 
a value of 2600F is considered maximum {see Vwowify 
Of Coal-Ash Stag, Ctapter IS), Somewhat lower temper- 
atures may be desirable for fuels with high moisture con- 
tents and low heating values. 

The suitability of other solid fuels such as wood, baric, 
petroleum coke or chars must be considered on an indi- 
vidual basis and the amount of supplementary fuel care- 
fully calculated. 

Design features 
Boiler furnace 

The two general firing arrangements used for the Cy- 
clone. Furnace are one-wall firing and opposed firing. 
These are shown in Fig. 3. For smaller units, sufficient 
firing capacity is usually attained with Cyclone Furnaces 
located in only one wall. For large units, furnace width 
cau often be reduced by using opposed firing. 



Fie. 4 Bin, direct-firing, and direct-firing pre-drying bypass 
systems tor coai prepaFat.on ana feeding w tne Cyclone Fur- 
nace (schematic). 



as wood bark, coal chars, and petroleum coke may be 
satisfactorily fired in combinations with other fossil fuels. 
Fuel oils and gases are also suitable for firing. 

The suitability of coals is dependent on the moisture, 
ash and volatile contents of the coal together with the 
chemical composition of the ash. The volatile matter 
should be higher than 15 percent, on a dry basis, to ob- 
tain the required high combustion rate. The ash content 
should be a minimum of about 6 percent to provide a 
proper slag coating in the cyclone and can be as high as 
25 percent on a dry basis. A wide range of moisture con- 
tent is permissible depending on coal rank, secondary air 
temperature and fuel preparation equipment that may 
include capability for pre-drying the fuel 
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F«. 5 S.t.ng of crushed coal fired in the Cyclone Furnace. 
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Fig. 6 Belt-Type coal feeder for the Cyclone Furnace. 
Cyclone Furnace capacities 

The.size.and. number of Cyclone Furnaces used tp.?rea_. _ 
erven boiler depend primarily °n the boiler size and the 
load flexibility required. They are built commercially in 
sizes ranging from B ft diameter through 10 ft diameter, 
v4tb an allowable maximum heat input per furnace D f 
about 160 million to 425 million Btu/hr, respectively. 

Coal preparation 

There are two general types of coal preparation and 
feeding («e fig. 4), the bin or storage system and the 
direct-firing system. The former i* preferred for most 
bituminous coals when the plant layout permits. The 
range of sizing of crushed coal required with either sys- 
tem is given in Fig. 5. 

With the bin system, coal is crushed in a central prep- 
aration planr to a size suitable for firing, and the crushed 
coal is delivered to the bunker. Because the crushed coal 
is relatively large in particle sise. the hazards associated 
with pulverized-coal systems do not exist. The only pre- 
caution necessary is to provide adequate venting of the 
bunkers to assure removal of the small amounts of com- 
bustible gases released from freshly crushed coal of cer- 
tain types. With the bin system there is less equipment 
in the boiler room, and short crusher outages can be 
accommodated without interrupting boiler operation. 



Secondary Air Damper 
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The second metnod of coal preparation is the direct- 
firing system, which has a separate crusher located be- 
tween the feeder and the burner of each Cyclone Fur- 
nace. The crusher is swept by hot air, and the intimate 
mixing of coal and hot air in the crusher helps to dry the 
coaL This improves crusher performance and ignition 
with high moisture coals. It is often easier to accommo- 
date the direct-firing system in existing plants, where the 
coal handling equipment cannot readily be adapted to 
the bin system. 

The direct-firing, pre-drying, bypass system U»g- ^ 
a variation of the second method, incorporating a me- 
chanical dust collector between the crusher and the Cy- 
clone Furnace, The collector is vented to the boiler fur- 
nace. This system is used when firing extremely high 
moisture coals. Its advantage is that moisture is removed 
from the coal during crushing and then vented to die 
boiler furnace instead _ol the,. Cyclone Furnace. This 
maintains maximum temperature in the cyclone with im- 
proved performance and slag tapping characteristics. 





Fig. 7 Arrangement of gas anfl o.i Currier »n Cyclone Furnace. 



Fig. * Batcn-removai slag -handling system tor Cyclone-Furnace 
bOiler, 

Coal feeders 

The coal feeders normally used are of the belt type il- 
lustrated in Fig. 6. A rotating distributor is provided at 
the coal discharge from the feeder to assure a continuous 
and uniform rate of feed. This is necessary because the 
coal is burned almost instantaneously when it reaches 
the Cyclone Furnace, and fluctuations in feed are re- 
flected in combustion conditions. The rapidity Of com- 
bustion makes the Cyclone Furnace very responsive to 
load demands, and U has been demonstrated that boiler 
output can be made to respond very quickly to demand 
by changing coal-feeder speed. Continuous weighing de- 
vices can be applied to the belt feeder so that it can serve 
the dual function of coal scale and feeder. 

Feeders of other types may also be used. Some are 
equipped with an angled cutoff plate at the coal _du> 
charge from the feeder to provide a uniform rate of feed. 

Oil and gas burners 

Oil and gas, as previously noted, are satisfactory cyclone 
fuels. These fuels can be burned at ratings and with 
performance equal to those with coal firing. Oil may be 
injected either into the secondary air stream or through 
the center of the front cual burner («* Ftg. 
the oil is picked up and atomized by die high velocity 
Sr st eam P Gas is fired ti.rough flat ports located m the 
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L.enne 

Coai* ' ' »' tum 

Heaimevalue, Biu/ldCaFj 14.000 13,000 12.600 10.000 9.600 6.800 

CnnflaMfiy 100 65 58 55 50 50 
B FD Fan □ Primary Air Fan 
ggg Crusher H Pwl«*'izer 

F«. 9 Auxiliary power requirements of typical nign-capaaty 
pressure-firefl. Cyclone-Furnace and puWensefl-coal units. 

secondary air entrance to the cyclone. The gas burners 
and the oil burners located in the secondary air inlet may 
be left m place when coal is fired. This facflitates chang- 
ing from one fuel to another by remote control without 
removal of the Cyclone Furnace from service. This fea- 
ture makes the Cyclone Furnace most attractive for the 
firing of multiple fuels. However Cyclone Furnaces are 
not normally competitive with other firing methods un- 
less coal is to be a principal fuel (see Cychne-Furnactr 
Firing, Chapter 22). 



feeders are used, equal coal weights are obtained by • 
maintaining equal feeder speeds. Where gravimetric type 
feeders are used, they measure tmd control the coal 
weights to the Cyclone Furnaces. 

Combustion air flow is measured separately to each 
cyclone. Where individual ducts supply combustion air 
to individual cyclones, a venturi throat in each duct 
measures the air to each cyclone. Where cyclones are in- 
stalled in a common windbox, secondary air flow is meas- 
ured at the bell-mouth section of the secondary air port 
of each cyclone, then added to the primary and tertiary 
air flows of that cyclone. These flows are measured at 
orifices in the individual ducts. 

Using these measurements, the controls maintain equal 
coal rates and air flows to each Cyclone Furnace. The 
overall excess air is controlled m die usual manner with 
- a boder meter-based on steam flow and air flow, oxygen - ■ 
recorders are usually provided as operating guides to 
monitor the controls. 

Operating results 

Fuels burned 

The first commercial Cyclone-Furnace boiler was de- 
Signed to bum Central Illinois coal and was installed at 
the Calumet Station of the Commonwealth Edison Com- 
pany, Chicago, in 1944. Since then over 600 Cyclune- 
Furnace units have been installed in boilers throughout 
the United States and Europe. In this country uoaU of 
the following constituent range have been burned in 
commercial Cyclone-Furnace boilers: 

Moisture, % 2t° 4° 

Volatile matter ( dry ), % 18 to 45 

Fixed carbon (dry), % 35 to 75 

Ash (dry), % 4 to 25 



,teo-Coai-F»eq urni 



Slag handling e^, r .„„... 
Slag handling equipment for a Cyclone-Fumace boiler 
unit is similar to that for a pulverized-coal slag-tap unit 
The capacity of the slag-handling equipment must be 
greater since the percentage of ash recovered in the Cy- 
clone Furnace is higher. The batch-removal system, il- 
lustrated in Fig. 8, is the system generally used. Storage 
tanks into which slag is continuously tapped, quenched 
and accumulated are located under the furnace floor. 
Slag is withdrawn at intervals and discharged to a stor- 
age area, from which it may be removed at will («re 
Design and Operation of Skg-Tap Units, Chapter 15), 

Combustion controls 

Automatic combustion controls for Cyclone-Furnace 
boilers are generally based on maintaining equal coal 
weights and equal total air flows in the proper propor- 
tion to each Cyclone Furnace. Where volumetric type 




asn-removai pu|veri«d-eoai-fi 



ti emission from typical large dry- 
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As mentioned previously, a number of by-product* 
from petroleum and many waste fuels, such as bark, 
can be successfully burned. The petroleum products 
range in volatile matter from 5% for some petroleum 
coke to 60% for pitch- Because of the very low ash con- 
tent of these petroleum by-products, it is usually neces- 
sary to add a slag-forming material or to mix the pitch 
with a coal having suitable ash characterise to provide 
die necessary slag coating of the cyclone barrel. It may 
also be necessary to stabilize ignition of the low volatile 
coke by burning 5 to 10% auxiliary oil or gas. 

Coal chars, resulting from the low-temperature car- 
bonization of bituminous or ligrotic coals having suffi- 
cient ash and volatile matter, are suitable for firing, pro- 
vided the ash viscosity characteristics are suitable. 

Two units designed to burn bark and bituminous coal 
in amounts up to approximately 50% by weight of each 
- are in operation in a la?ge Southern paper nuU. nsbuxfi 
the bark successfully, it is necessary to fire sufficient coal 
to supply the slag coating in the cyclone and to mam- 
tain sufficiendy high temperatures to provide the neces- 
sary fluidity of the slag. A chopper, or "hog", is used to 
reduce the bark to chips of a size suitable to the Cyclone 
Furnace. The chips are screened after hogging and 
oversize pieces are recycled. 

Ppwer requirements 

Since the only coal preparation is crushing, the power 
required is low compared with that for pulverizing coal- 
To offset this, the forced draft fan power required is 
relatively high. Cyclone Furnace air pressure drop being 
in the range of 20 to 40 in- of water compared with 2 to 




FiE- U Two-arum poiier with Cyclone Furnaces lone-wall) a«J 
bin system for coal preparation and feeding. 
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10 in. of water for pulverized-coal burners. Fig. 9 shows 
that the comparative power requirements vary consider- 
ably for different types of bituminous coals and lignite. 
For high-heating value, high-grindabibty bituminous 
coals the Cyclone Furnace requires more power. How- 
ever for the low-heating value, low-grindability bitumi- 
nous and Ugnite coals, for which the Cyclone Furnace is 
usually best suited, the power requirements are less than 
with pulverized-coal firing- 

Combustion efficiency 

The excess air required for satisfactory combustion of an 
individual Cyclone Furnace is less than 10 percent. How- 
ever where automatic controls are used and particularly 
where there are several Cyclone Furnaces for one boiler, 
excess air is usually maintained between 10 and 15% to 
assure that no individual cyclone is operating with insuf- 

ficient air. When -operating with coal of suitable sizing 

and with 10 percent excess air, the loss in efficiency from 
unburned combustible has been found to be less than 
0.1 percent with most coals. 
Ash recovery and dust collector* 

The dust loading of the flue gas from coal-Bred cyclone 
units is in the range of 20 to 30 percent of the ash m the 
coal compared with about 80 percent for a dry-ash 
pulverized^coal-fired unit. This means that, if both units 
are equipped with 95 percent efficient precipitators or 
dust collectors, the ash discharged from the stack of a 
cyclone-fired unit will be less than half that from the 
stack of a dry-ash pulverized-coal-fired unit. 

This comparison is illustrated in Fig. 10 for a large 
utility Cyclone-Furnace unit and a pulverized-coal owt 
arranged for dry ash removal. Soth units are 600-mega- 
watt capacity, each consuming approximately 7.0DQ ^tons 
of coal per day and producing 970 tons of ash. With 
pulverized-coal firing about 4 percent of the ash or 39 
tons per day is discharged from the stack. Under similar 
operating conditions with the Cyclone-Furnace-fired 
unit only approximately 1.5 percent of the ash or 15 tons 
per day is discharged from the stack. On a Cyclone- 
Furnace-fired unit the fly ash collected in the precipitator 
may be returned to the Cyclone Furnace and recovered 
as slag. The slag from the furnace is chemically inert 
and disposal is relatively simple: 

Typical installations 

Although Cyclone-Furnace units were first installed in 
central stations, their use has been extended to a^wide 
variety of industries. Fig. 11 shows a unit installed ma 
large Northern industrial plant. The unit incorporates the 
bin system with one-wall Bring. It is designed to produce 
440000 Ib/hr of steam at 1350 psi and 905F superheat, 
. The designs of Cyclone-Furnace units have followed 
the general trend of the power industry to higher steam 
temperatures and pressures and larger capariues. Fig. 1Z 
shows a Radiant boiler with one-wall firing. This ; umt 
produces 1.250,000 Ib/hr of steam at 1900 psi and 1005F, 
with reheat to 1005F. Fig. 13 shows a Universal-Pressure 
once-through unit with opposed Cyclone-Furnace nring; 
the capacity of this unit is $.000,000 lb of steam per hr at 
3650 psi and 1003F. with 1003F reheat temperature. 
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slag tapped from the Cyclone Furnace to accumulate and' 
solidify on the boiler furnace floor. When the load is in- 
creased, this slag will melt and tap in the usual manner. 

Maintenance 

The principal items requiring maintenance are the coal 
crusher and the Cyclone-Furnace burner. Crusher main- 
tenance includes replacement of hammers and grid bars 
at yearly or less frequent intervals, depending on the 
arrangement and the type of coal fired. In the burner, 
the coal is accelerated to the high velocity necessary to 
throw it against the slagged surfaces of the cyclone 
barrel This high velocity causes erosion of the burner, 
which is minimized by the use of tungsten carbide or 
other erosion-resistant wear liners (Fig. 14). Since these 
, , , _ hners normally last a year qt more, they can be replaced 

toad -dropsilower ratings can be carried by allowing the ' orbuUt^p during regularly scheaUied annual outages. 




Rg. 12 Radiant boiler witn Cyclone Furnaces (one-wali) ana am system for coal preparation and twaing; 



Operation 
Start-up 

The Cyclone Furnace can be started by the continuous 
firing of coal, oil or gas. Coal is ignited by a permanently 
installed gas-lighting torch or a retractable oil-lighting 
torch inserted into the front of the secondary air port- 
With coal firing, the usual load range for good operation 
of an individual furnace is from 50 to 100$) of rated 
capacity, depending on the ash characteristics; however, 
for short periods, such as start-up, loads of 20 to 25% can 
be carried with some increase in unbumed combustible. 
The bad range for continuous operation of the entire 
Cyclone-Furnace unit is from full to approximately half 
load, again depending on the ash characteristics and the 
irmnnomoTit Fnr cVifiTf Tvprinds «aich as ovemieht 
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Summary 

The Cyclone Furnace has made a significant contribution 
to the steam-power industry by improving combustion 
and furnace performance, by permitting the economic 
utilization of the lower grades and ranks of coal, and by 
alleviating the problems caused by coal ash. Because of 
this, it has gained wide acceptance in the U-5. and 
abroad. By 1970 about 700 Cyclone Furnaces were in 
service, under construction or on order for installation 
in the United States. These Cyclone Furnaces serve more 
than 150 boilers with a combined capacity of more than 
200 million lb of steam per hr. 



Fig. 14 Burner of Cyclone Furnace snowing ri 
liners. 
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Chapter 15 Fuel-ash effects on boiler design and operation 



From the beginning of the application of combustion of 
fossil fuels for the production of power, much attention 
has been devoted to the problems created by the residues 
of such combustion, broadly known as "ash." The com- 
plexity of these problems has increased with the size 
and rating of modern units. When burned, all but a few 
fuels have solid residues, and in some insrances the 
quantity is considerable. 

For continuous operation, removal of ash is essenri&l 
to all methods of firing. In stoker firing with a fuel bed 
this is accomplished by the intermittent shaking or 
dumping of grate sections or by the continuous move- 
ment of the ash residue toward a point of discharge. In 
suspension firing the ash particles are carried out of the 
furnace by the gas stream or retained in part by settling 
or by adhering to boiler surfaces. Retained material of 
solid form is removed by periodic cleaning. If tempera- 
tures are sufficiently high, the retained ash is molten and 
may be drained continuously from the furnace. Some of 
the ash may form deposits of slag on the furnace walls 
(slagging), and a portion of the ash that is carried from 
the furnace by the flue gases may form deposits on the 
tubes in the gas passes (fouling). Also, under some con- 
ditions, the deposits may lead to corrosion of these sur- 
faces. The nature and the amount of ash in the fuel to 
be used are, therefore, of major concern to the designer 
and the operator. 

The following discussion is concerned primarily with 
the importance of coal ash in the design and operation 
of boilers, but consideration is also given to the impor- 
tance of ash residue from petroleum fuels. Commercial 
fuels containing ash, and others with little or no ash, are 
listed in Table 1. 

Some means must be provided to handle and dispose 
of the ash since ash in its various forms may seriously in- 
terfere with operation or even cause shutdown. 

Ash content of coal 

The ash content of coals varies over a wide range. This 
variation occurs not only in coal from different psjis of 
the world or from different seams in the same region but 
also in coal from different parts of the same mine. Some 
rock and earthy materials find their way into the mined 



product. Before marketing, some commercial coals are 
cleaned or washed to remove a portion of what would 
be reported as ash in laboratory determinations (see 
Chapter 8). In any case, the ash determinations of 
significance to the user are those made at the point of 
use, and the values noted below are on that basis- 

The bulk of bituminous coal used for power genera- 
tion in the U.5. has an ash content within the range of 
6 to 20%. Low values of 3 or 47c are encountered in- 
frequently, and such coals find other commercial uses, 
particularly in the metallurgical field. On the other hand, 
some coals may have an ash content as high as 30%, 
Many high-a>h fuels are successfully burned in the 
Cyclone Furnace as well as in pulverized-coal-fired units. 
Their nse is increasing in localities where the fuel costs 
indicate a favorable overall economy. 

Nature of coal ash 

The presence of ash is accounted for by minerals as- 
sociated wjib initial vegetal growth or those which 
entered the coal seam from external sources during or 
after the period of coal formation. Appreciable quanti- 
ties of inorganic material may be contributed to the 
commercial fuel by partial inclusion of adjacent rock 
strata m the process of raining. 

Since quantitative evaluation of mineral forms is ex- 
tremely difficult, the composition of the coal ash is 



Table J 

Commercial fuels for power production 



Fuci> CoDtiining Ash 



All coals 

Fuel oil— "Bunker C" 
Refinery >Judge 
Tank residue* 
Refinery coke 
Most far* 

Wood and wood products 
Other vegctanonaj product* 
Waste-heat gaso (most) 
Blast-furnace gas 
Ccnicm-kjln ga*es 



Natural gas 
Manufactured gas 
Coke-oven ga* (dean) 
Refinery gas 
Distillate* (most) 
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Table 2 



, content and ash fusion temperatures of some U.S. coals and lignite 



Seam 
Location 

Asn. dry Oa»s. % 
Sultur, dry l»5>S,% 
Analysis of ash. % oy vrt 
SiO, .. 

Al 3 0, 

TiO, 

Fe a O, 
-•- Cat). 
MgO 

Na,0 

K,0 .. ■ 

Total - ■ 

Ash luaoility 
initial deformation 
temperature. F 

Reducing 

Oxidizing 

Softening temperature, F 

Reducing 

Oxidizing 

Memisptiencai temperature, F 

Reducing 

OaidiZmg • - • - ■ 
Fluid Temperature, f 
Reducing 

Oxidizing 



Pocahontas No. 3 
WeSlVirgmia 
12.3 



5O.0 
30-0 



High volatile Bituminous 



No. 9 
Onio 
1440 
3.30 

47.27 
22 96 
1.00 
22.B1 
1.30 
0.85 

0- 2B 

1- 97 
98.44 



Pittsourgn 

West Virginia 
10.87 
3-53 

37.64 

20 11 
O.Bi 

29.28 
- 4.25 
1-25 
0 80 
1.60 

95-74 



No. 6 
Illinois 
17.36 
417 

47.52 

17.B7 
0.7B 

20.13 
575- 
102 
0.36 
1.77 

95 20 



48.0 
11.5 



2030 


2030 


2000 


2420 


2265 


2300 


Z450 


2175 


2160 


2605 


2385 


2430 


2480 


2225 


2180 


2620 


2450 


2450 


2620 


2370 


2320 


2670 


' 2540 


2610 



Wyoming 


Texas 


6.6 


12.8 


1.0 


11 


24-0 


41.8 


20.0 


13.6 


07 


1.5 


11.0 


6-6 


• 2S.0 - 


-17.5. 


4.0 


2.5 


0.2 


0.6 


0.5 


0.1 
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customarily determined by chemical analysis of the 
residue produced by burning a sample of coal at a slow 
rate and at moderate temperature (1350F) under oxidiz- 
ing conditions in a laboratory furnace. It is thus found to 
be composed chiefly of compounds of silicon, aluminum, 
iron, and calcium, with smaller amounts of magnesium 
titanium, sodium and potassium- The analyses of coal 
ash in Table 2 indicate what may be expected of some 
coals from various areas of the United States. A com- 
parison of analysis of ash from wood and from two low- 
ash-content lignite coals is indicated in Table 3. The ash 
analyses do not always total 1007c since the analysis 
does not include all constituents. 

The element sulfur is present in practically all coal, 
and its effect on equipment performance has been given 
much attention. Sulfur itself bums as a fuel with a rela- 
tively low beating value (3980 Btu/lb when burned to 
S0 2 ), but its reputation, which is nearly all bad results 
from the effect of its chemical combination with other 
elements. Under certain conditions some of these com- 
pounds corrode boiler components; others contribute to 
the fouling and slagging of gas passages and heating 
surfaces. 

Some of the sulfur in coal is in combination with iron 
as FeS 3 . Sulfur may also be present in the form of com- 
plex organic compounds and, in minor amounts, in com- 
bination with the alkaline earths (calcium and magne- 



sium). When the fuel is burned, the sulfur compounds 
are normally converted to more or less stable mineral 
oxides and sulfur dioxide gas. S0 2 . A very small part of 
the S0 2 thus formed is further oxidized to S0 3 . These 
sulfur gases are carried along with the other combustion 
gases, and their presence, under certain conditions, can 
contribute to corrosion of boiler heating surfaces and to 
air pollution problems (Chapter 18). 



Table 3 

if qsh from two lignites with wood ash 

Lignite-Type Ash Wood 



Ash, dry basis. % 
Sulfur, dry bash. % 
Analysis of ash, % by 
SiOz 

TjOz 

Ft20 3 

CaO 

MgO 

N320 

K?0 

Total 

Ash Fusibjbiy— Hejm>pfcen 

Reducing 

0*>dinng 
• Adjusted to 100% 



5.0 


60 


1.6 


1.0 


10 


0.1 


17.9 


18-9 


33.8 


13.2 


19.5 


S.6 


0.5 


0.6 


0.2 


6.0 


64 


16 


59.7 


40.8 


56.5 


2.0 


12.7 


4.7 


0.2 


1.0 


05 


0.5 


0.1 


0.1 


100.0 


100.0 


100 0 


mperatuic 
2660 


. F 




2470 


2580 


2650 


2470 


2550 
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Coals may be classified into two groups based on the 
nature of their ash constituents. One is the bituminous- 
type ash and the other is the lignite-type ash. The term 
"liVnite-type" ash is defined as an ash having more CaO 
plus MgO than Fe 2 0 3 . By contrast, the "bitummous- 
W all will have more Fe 2 O s than CaO plus MgO- 

Locations of U.S. deposits of coals are shown in F ig. 2, 
Chapter 5. The coal fields labeled ^imrmnous-type ash 
include all those of Triassic age and older coal* The 
fields shown for -fignite-type ash" include all those of 
Jurassic age and younger coals, and all ranks of coals ;n 
these deposits. 

Ash fusibility 

The preferred procedure for the determination of ash 
fusion temperatures is outlined in ASTM Standard D- 
1557 Earlier procedure used only a reducing atmos- 
phere for" "ashTuslbihty"' determination w"hereas the 
standard adopted in 1968 offers the use of both reduc- 
ing and oxidising atmospheres. The previous method 
had loosely defined softening and fluid critical points; 
the new procedure uses improved definitions, as follows: 
flutist deformation tempera*. ure, at which the first round- 
ing of the apex of the cone occurs. 

Softening temperature, at which the cone has fused 
down to a spherical lump in which the height is equal 
to the width at the base. 

Hemispherical temperature, at which the cone has fused 
down to a hemispherical lump at which point the height 
is one half the width of the base. 

Ffwid temprratere, at which the fused mass has spread 
out in a nearly flat layer with a maximum height of one- 
sixteenth in. 

The determination of ash fusion temperatures is strictly 
a laboratory procedure, developed in standardized form, 
which experience shows can be duplicated with some 
degree of accuracy. For example, the permissible de- 
ferences of reproducibility between two furnace runs 
may range from 100 to 15DF. However, some bitummous- 
type ash, containing relatively large amounts of silica, 
may exhibit low ash-softening temperatures, yet ex- 
hibits high viscosity characteristics in its plastic range. 
Some Ugnite-type ash, containing large amounts of cal- 
cium and magnesium, may react with the refractory 
base (kaolin and alumina), or it may evolve gaseous 
products and swell, thereby causing changes in density 
of the ash cone. Methods for determining fusibility of 
coal ash used by countries outside the U.S, may also vary 
considerably. Thus, ash fusibility data should be used 
with care and its limitations recognized. 

Ash melts when heated to a sufficiently high tempera- 
ture Following combustion, individual ash particles are 
generally in the form of tiny spheres (cenosphcres) that 
appear hollow when viewed under a microscope, as il- 
lustrated in Fig. 1. The form of the ash particles indi- 
cates that, during combustion of the coal, the particles 
were actually liquid and the spheres were formed as 
tiny bubbles by evolved gases trying to escape. What 
happens to these particles depends on their physical and 
chemical characteristics and on furnace conditions It 




Jjurnmg pulverized 



cooled prompdy and sufficiently, the result is a dusty 
ash that may travel through the equipment, lodge on 
heating surfaces, drop out in soot hoppers and along 
flues, or collect at the base of the stack. Those particles 
that remain in suspension are carried out with the flue 
gases to the particulate-rerooval equipment (Chapter 
18) and stack. 

The individual osh particles do not, however, always 
cool quickly to a solid state. If insufficiently cooled they 
remain molten or sticky and tend to coalesce into large 
masses in the boiler furnace or other beat-absorpoon 
surfaces. This problem is dealt with by adequate design 
of burners and furnace arrangement for the fuels to be 
burned and by proper attention to boiler operation. 

Viscosity of coal-ash slag 

Viscosity of coal-ash slag is measured in a Ingh-ternpera- 
ture rotating-bob viscometer (Figs. 2 and 3), similar to 
one originally developed by the U.S. Bureau of Mines. 
The control panel is shown at the left in Fig- 2 and the 
furnace with its measuring element is at the nght. A 
section through the furnace is shown in Fxg. 3. Ihe 
molten-Jag sample is placed in a platinum crucible. 
There is an optical electronic device for measuring the 
torsional deflection of the calibrated wire and the 
torque is recorded on a chart. Provision is made for con- 
trolling the atmosphere within the furnace. 

Ash is introduced into the crucible at an elevated 
temperature (2600-280QF) and held at that tempera- 
ture until it becomes uniformly fluid and all decomposi- 
tion gases have been expelled. The temperature is then 
decreased in predetermined steps, and the viscosity is 
measured at each temperature. 

Measurement of viscosity of coal-ash slags provides 
reliable data that can be used for determining suitability 
of coals for use in slag-tap type boilers. Since viscosity 
measurements require a considerable amount of coal 
ash that may not be readily available and, in addition, 
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Fig. 2 Hisn-teinperature viscometer for determining tne vis- 
cosity of molten coal asn. 



are costly and time cousuming, it is desirable to calculate 
viscosity from chemical analysis of the coal ash- It has 
been feasible to remove liquid slag from operating 
furnaces for slags having a viscosity at or below 250 
poise. A reasonable temperature limit, to provide ample 
reduced load operation, has been found to be 2600F- 
Thus. a dependable guide for suitability of coal-ash slag 
may be referred to as the T 250 or the temperature m 
degrees F to obtain a 230-poise viscosity. 
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Laboratory studies and field investigations, supple- 
menting investigations by the Bureau of Mines, resulted 
in 3 calculation method for determining the T250 °f s l a g 
from coals in the eastern United States. This method 
employs the ash fusibility (hemispherical temperature) 
in a reducing atmosphere and the "silica ratio" of the 
coal, where the 

SiQ 2 X 100 
Sibca ratio - si o 2 + F<*0, + CaO + MgO 

The use of this method is illustrated m Fig. 4 where the 
T 2 5o obuined by entering with the silica ratio and 
tlie hemispherical temperature in a reducing atmosphere 
plus 2D0F. For example, for a coal ash having a silica 
ratio of 62 and a hemispherical temperature of 2300F, 
locate this point at the intersection of the 2500F line and 
the. 62 sihca ratio. From this point extend a straight line 
at a 10-degree slope from the vertical to the 250-poise 
value; this slag thus has a calculated T 250 of 2450F. 




Fig. 3 Section tnrough furnace of hign-temperaiure 



Fig. * Slag viscosity from ash analysis. 



The constituents of a coal ash can be classed as either 
basic or acidic. Basic constituents are the Fe 2 03, CaO, 
MgO, Na z O, and K a O; the acidic constituents are Si0 2 , 
AI 2 0 3 and Ti0 2 , Laboratory studies have shown that 
the relative amounts of the basic and acidic constituents 
in the ash can be used as a means of predicting the 
viscosity of the »lag (see Fig. 5). The viscosity of a slag 
decreases m the base-to-acid ratio increases to 1.0 where 

Base-to-acid ratio - 

FegOg + CaO + MgO + NagO + K 2 Q 
SiQ 2 + Al 2 0 3 + TiU 3 
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Fig. 5 Plot of temperature for 250-poise v.scos.ty vs Dase-to- 
acid ratio — Dasefl on a feme percentage of 20. 



This correlation takes into account the St0 3 to Al 2 0 3 
ratio which bos an effect with slags having a low base- 
to-acid ratio. For bituminous-type coal ash and tor 
lignite-type ash having an acidic content in excess of 
60%, the base-to-acid ratio method is used in preference 
to the silica-ratio method to estimate the T 25 o- 

For coals with lignite-type ash and an acidic content 
less than 60%, the dolomite percentage method is used 
{see Fig. 6). 



Polomite percentage = 



(CaO + MkO)100_ _ 



FezOj + CaO + MgU + Na 2 0 + K 3 0 
where the sum of the basic and acidic constituents is 
adjusted to equal 100%, 

Effect of iron on ash behavior 

Coals having bituminous-type ash usually contain iron 
and its compounds as a principal component; the iron 
may exist in more than one state, i.e., metallic (Fe), 
ferrous (FeO) or ferric (Fe 2 0 3 ). The Fe 2 0 3 reported 
in an analysis of ash is actually the equivalent Fe 2 Oj 
representing the sum of Fe. FeO and Fe 3 0 3 expressed 
as Fe 2 0 3 . Experience indicates that iron has a dominat- 
ing influence on the behavior of ash in the furnace, as 
indicated by its effect on the ash softening temperature. 

The specific effect of iron ui coal ash is interesting. 
In completely oxidized form (Fe^) iron tends to raise 
all four values of ash fusion temperatures, initial de- 
formation, softening, hemisphencal and fluid while in 
the lesser oxidized form (FeO) it tends to lower all 
four of these values. The effect of iron, in each of the 
two forms, on initial deformation and hemispherical 
temperatures is indicated in Fig. 7 plotted for a large 
number of ash samples from U.S. coals. Data in Fig. 7 
show that as the amount of iron in the ash increases 
there is a greater difference in ash fusibility between 
oxidizing and reducing conditions. This effect may be 
negligible with coal ash containing small amounts ot 
iron. Lignite-type ash generally contains small amounts 
of iron and the ash fusion temperatures are affected 



very little by the state of oxidation of the iron in the 
slag. In fact, lignite-type ash having a high basic con- 
tent and high dolomite percentage may have ash fusion 
temperatures that are lower on an oxidizing basis than 
a reducing basis. Ash hemispherical temperatures and 
ash analyses of lignites appearing in Table 3 illustrate 
this effect. 

The iron content of a slag and the degree of oxidation 
of the iron also have a great influence on the viscosity 
of die slag. The degree of iron oxidation is normally ex- 
pressed as the ferric percentage where 

FegOa X 100 
Feme percentage = Fe2 o 3 + HlFeO + 1-43 Fe 

In stating the viscosity of a slag containing a significant 
amount of iron, it is important that the degree of oxida- 
tion,, or ferric percentage, be expressed. .Experience, 
indicates that slags from boiler furnaces operating under 
normal conditions have an average ferric percentage of 
20 The curves appearing in Fig- 5 are based on a ferric 
percentage of 20- Fig. 8 shows viscosity curves for a 
typical slag with various stages of oxidation of the iron. 
For coal ash having small amounts of iron, such a* a 
lignite-type ash, this effect will be greatly diminished. 

Furnace design 

A properly designed furnace has two functions: (1) to 
burn the fuel completely and (2) to cool the products 
of combustion sufficiently so that the convection passes 
of the boiler unit may be maintained in a satisfactory 
condition ut cleanliness, with a reasonable amount of 
sootblowing (.see also Chapter 12). The products of 
combustion include all the impurities either in the solid, 
liquid or gaseous state. Experience and tests indicate 
that when the average gas temperature leaving a coal- 
fired furnace is too high, the ash particles are molten or 




Re- 6 Basic content and dolornrw percentage of asrt vs tem- 
perature for 250-poise viscosity. 




Fig. 7 Influence of iron on coal asti fusion temperatures. 



sticky, and the need for cleaning the ash deposits from 
the upper-furnace and high-temperature zones in the 
convection passes may become excessive. This is, of 
course, subject to some latitude, because what consti- 
tutes excessive cleaning depends largely on the opinions 
of the individual operating crews. 

In establishing the proper functional design of a 
furnace, two methods of cooling the products of com- 
bustion must be considered, namely, radiation and gas 
tempering. 

Cooling gas by radiation 

For many years the method used to cool the products 
of combustion has been that of providing radiant 
furnace-cooling surface. Sufficient surface is installed to 
assure a reduction in gas temperature to a level where 
convection passes can be kept reasonably clean. There 
is a general relationship between the average desired 
furoace-exit-gas temperature and the slagging and foul- . 
ing potential of the coal ash. There can be a considerable 
variation in the g3s temperature at the furnace oudet 
{see Furnaces, Chapter 4) and the maximum gas tem- 
perature can be considerably higher than the average. 
The usual design criterion of furnace size when using 
this method of cooling gases is "heat release rate," which 
is defined as heat available per hour per sq ft of equrv- 
alent flat projected water-cooled furnace enclosure sur- 
face (see Chapter 4). 

Heat available, in turn, is defined as the amount of 
energy released in the furnace and available for increas- 
ing the temperature of the product* of combustion. It « 
equal to (heat input in fuel + heat in air) -(heat re- 
quired to evaporate moisture in fuel ■+• % radiation 
loss). The assumption that half of the radiation loss oc- 
curs from the furnace is an acceptable approximation. 



The relationship between furnace release rates and 
fumace-exit-gas temperatures has been developed from 
field test data. Factors affecting this relationship include 
type of furnace design, method of firing, fuel, burner 
location, burner input, and f umace wall construction. 

From informatiQn obtained over a number of years, 
desirable heat release rates have been established for 
different types of coals. In general, units using coals 
having low or medium ash-slagging tendencies can have 
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of feme percentage. 
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the highest heat release rates. A boiler designed to burn 
this rype coal is shown in Fig. 9. Units using coals hav- 
ing high or severe ash-slagging tendencies v*U require 
furnaces with heat release rates about 10 to 15% lower. 
Units designed for some very severe ash-slagging coals 
such as North Dakota lignites, may require furnace heat 
release rates reduced by 30% as compared with furnaces 
designed for low- and medium-slagging-type coals. 

With current use of high-volume type train shipments, 
coal from one source only may be considered tor the me 
of the power plant; it may be shipped, for example, from 
northern Weft Virginia to New England. Thus, for best 
overall operation, units should be designed for the ash 
characteristics of the coal to be fired 

Furnaces fired with oil are generally designed for high 
heat release rates. Convection-pass tube spacing can be 
set in design so as to overcome ash-deposition problems 
i*hen high-ash „oils. are . fired. With these high heat re- 
leases, designs must take into consideration economic 
factors of tube metals, furnace proportions and high- 
teinperature corrosion. 

Gas tempering 

The second method of coaling hot furnace gas is that 
known as "gas tempering," in which relatively cool gas 
from the economizer outlet is mixed with the hot . urnace 
gas near the furnace outlet (Figs. 9 and 10). The 
tempering gas supply is normally taken from the top ot 
the main gas-recirculation duct. Gas recirculation for 
superheater control is discussed in Chapter 12. 

Cas tempering provides the operator with a control ot 
funwctf-Hdt-gas temperature with little or no effect on 
superheater and reheater absorption. Thus, if a high- 
fouling type coal is fired, the amount of tempering gas is 
increased to lower the gas temperature leaving the 
furnace to a level at which the convection surface is 
free from fouling. On the other hand, if a low-fouling 
type coal is fired, the amount of tempering gas is de- 
creased, thereby reducing fan power. With some coals, 
tempering may be reduced to zero where experience 
indicates that it is not needed. 

Gas tempering thus provides a positive means ot con- 
trolling gas temperature at the furnace outlet. With this 
method of design, furnaces may be held to a reasonable 
height. Overall building requirements, steam piping, 
structural steel, and platforms are all decreased with no 
sacrifice in quality or performance of equipment. Bather, 
performance has been upgraded, since the gas tempera- 
ture leaving the furnace is subject to positive control 
and is not dependent on furnace cleanliness. When 
gases are cooled only by radiation, the upper furnace 
cooling surfaces may be covered with slag from low- 
fusion coal and will not do the required cooling. 

With gas tempering, the combustion gases arc cooled 
uniformly across the width of the furnace, minimizing 
the large temperature variation customary with older 
designs The possibility of localized slagging and fouling 
and excessive superheater-metal temperatures is there- 
fore reduced. . 

With high steam temperatures and pressures it may be 
necessary to resort either to steam-cooling the walls or 
locating steam-cooled surface in high gas-temperature 
zones in the furnace subject to radiant heat- Cas temper- 
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mg eliminates these requirements in most cases, and thus 
improves the reliability and availability of units. 

Gas tempering reduces the furnace height requiredto 
obtain an equivalent furnace-exit-gas temperature. The 
Universal-Pressure boiler (Fig- 10), has operated suc- 
cessfully with dry-ash removal with a fumace-exit-gas 
temperature of 2210F and 20% gas tempering at full 
load. . , 

Cas tempering permits engineers to design hign- 
capacity units that occupy less space and have greater 
Tchabiliry, lower maintenance, safer operation, and re- 
duced overall plant costs. 

Ash from pulveri«d-coal firing 

Nd matter how fine the pulverization, the fuel fed to the 
furnace rfill has all its original ash. However the final 
ash product ejected from a pulverized-coal-fired unit 
differs in appearance feom .the. refuse of a stokerired 
unit. With pulverized coal nearly all the ash particles 
are formed in suspension and tend to remain in suspen- 
sion in a dry-ash furnace, with the individual particles 
well dispersed and very much smaller than those from 
spreader-stoker firing. In the slag-tap furnace, a portion 
of the ash particles coalesces on walls or other suitably 
designed surfaces and drains to the furnace bottom. 

When pulverized coal is burned in a dry-ash furnace 
(eg. Fig. 10), about 80% of the ash originally in the 
coal leaves the furnace entrained in the flue gas. On the 
other hand, with pulverized coal burned m a slag-tap 
furnace, as mud. as 50% of the ash nwy be retained in 
the furnace. The other 50% of total ash in the coal leaves 
the unit in the form of dust. With the Cyclone furnace 
70 to 80% of the total ash is retained, and only 20 to 
30% leaves the furnace as dry ash in the hue gas (see 
Ash Recovery end Dust Collectors, Chapter 10). Par- 
ticulate-removal equipment is placed ahead of the stacjt 
to prevent the ejection of large quantities of this ash to 
the atmosphere (Chapter 18). 




10-12-01 11: 57AM FROM-ADA ENV I tf ^NTAL SOLUT I ONS 



+13037340330 



T-03E P-09/Z7 F-484 




Rg. 10 uniwersai-Pressure Do.ier w.tn gas Tempering in front and rear walls. 



Ash produced by stokers 

In the fuel bed of a stoker, whether of the spreader, un- 
derfeed, or chain-grate type, ash particles tend to be- 
come fused together. In a property operating stoker 
burning a suitable coal, the passage of air and the 
agitation of the fuel bed serve to keep ash accumula- 
tions more or less porous, and the ash is discharged to 
an ashpit in fairly large pieces varying from popcorn 

^Not^aTthe ash is retained in a fuel bed. With the 
types of stokers mentioned, and particularly the spreader 
stoker, some of the fuel is burned in suspension. A con- 
siderable quantity of ash particles, containing some 
unbumed and some stOl-burning fuel, is consequently 
carried over with the gases. With the spreader stoker 
this material is usually collected in hoppers provided for 
the purpose and is reinjected into the furnace for fur- 
ther burning of any combustible that it may contain 
(see Chapter U). Reimection is also used occasionally 
with other types of stokers. 

Use of dry-ash or slag-tap units 

Considered answers to the following pertinent questions 
relating to fuel are essential in initiating the design ot 
a successful coal-fired unit: 

1. Has the particular coal selected been burned exten- 
sively, so that its combustion and ash characteristics 
are well known? 

2. Will the source of coal and the characteristics of the 



coal remain substantially constant during most of the 
life of the equipment. What is likely to be the "worst 
fuel supplied? 

3. What auxiliary fuel may be made available during 
periods of temporary suspension of coal delivery? 

4. What type of equipment is best suited to the experi- 
ence of the operating personnel? 

5. In the public interest, for better public relations or 
to comply with civil regulations, what is required to 
limit atmospheric pollution from dust? 

6. What method of final refuse disposal is available? 
Answers to these questions make it possible to select 

proper equipment for the spcific method of utilizing 
the coal. For instance, coal should not be burned 1 in a 
slag-tap furnace if the ash fusion temperature and vis- 
cosity are higher than experience indicates they should 
be for successful tapping. Slag-tap furnaces are rarely 
suitable for an ash viscosity greater than 250 poise at 
2600F. If the ash viscosity of the coal selected is too 
high or marginal, equipment pernutting the ash to be 
removed in dry form is indicated. 

Ash erosion 

Ash erosion must not be ignored even though coal-ash 
particles may be exceedingly fine. Where ash particles 
are concentrated in a local region, such as in a gas turn, 
erosion b * potential problem. The induced draft fan is 
a well-known example, and erosion is an important fac- 
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tor to be considered in selecting the type of fan and its 
oerformance characteristics. Blade wear is relatively low 
at fan-blade-tip speeds under 22,000 ft/mm. Above this 
tip speed the wear from erosion increases very rapidly 
and higher speeds should not be considered in designs 
having a high concentration of entrained ash- Local high 
concentrations of ash through the boiler setting may 
cause erosion of highly critical pressure parts. This ac- 
tion is liable to be found where ash tends to concentrate 
in streams as at turns formed by baffles withm boiler 
banks In this case the remedy is to limit gas velocities 
and to eliminate bafiJes if possible. The elimination of 
baffles has been the trend in the development of coal- 
fired boiler units, as illustrated in Fig. U. where the gas 
flow continues horizontally through the tube banks with- 
out turns. Maximum allowable gas velocities with vari- 
ous fuels are given in Table 4. 

Table 4 

Design gas velocity, fps, throusti net free flow area 
in tube banks to prevent flue-dust erosion 

Baffle Arrangement 

Mulli- Single 

Type of Firing or Fuel V» P** 



75' 



Pulverized coal g &J 

Chain-grate stoker, anthracite 60 ^ 

Chain-state staler, cake breeze 80 

Chaio-grate stoker, bituminous 100 

Underfeed stoker 75 100 

Bl^t-farnacc gas «3 

Cyclone Furnace — lw 

Wood or other waste fuels containing: 
Sand 50 ™ 

Cement du»t ~~ " 

Bagasse 60 75 

"For PC unit» burning fuels having more than 30% «uh on a dry 
basis, limit the maximum velocity tlirough the free flow area to 
65 fps. For PC units burning coaL producing fly ash wh known 
high abrasive tendenciw. such as Korean or Central Indwn coab, 
limit the nwirniim velocny through free flow arcs to 45 fp> 

Erosion may also be a problem in slag- and ash- 
handling equipment. If the unit is of the slag-tap variety, 
the molten refuse or sjag tapped from the furnace must 
be cooled to be conveniently bandied. This is done with 
water and the quenched product is usually small par- 
ticles, like coarse sand, which, regardless of the mode 
of transport, tend to wear the surfaces of the conveying 
system. When water is used for transport, the pnmp, 
pipe lining, and turns in pipe> or sluices are especially 
subject to localized wear and are usually protected by 
replaceable linings of alloy steel or chilled cust iron. 

Design and operation of slag-tap units 

The method of disposal of coal ash by tapping from a 
boiler furoacB was evolved in 1926, more by accident 
than by design, in a boiler furnace originally expected 
to operate under dry-ash disposal conditions. Dunne 
operation, the low-fusion ash melted, collected in a pool 
at the bottom of the furnace, and was drained at inter- 
vals by means of an improvised arrangement. 

Many features of this furnace, the forerunner of later 
slag-tap furnaces, were totally inadequate for the for- 



mation, retention and disposal of fluid ash. The furnace . 
bottom was of ordinary brick that quickly disintegrated 
under the chemical action of the molten slag. It was also 
apparent that the proper handling of a stream of molten 
slag was a difficult undertaking- Nevertheless, this early 
experience opened the way to the development of a 
method for easier handling and disposal of refuse in 
furnace operations. Some of the important requirements 
for adequate slag-tap furnace design that evolved from 
this development arc: 

1. The slag in the furnace must be kept fluid. The fur- 
nace temperature must be high and the slag-tap fur- 
nart should be designed to withstand the maurnum 
temperature reached during combustion, which is 
usually in excess of 3000F. 

2. Since fluid slag is heavy as well as extremely hot, it 
' must be securely contained' in "those regions' of the 

furnace where it tends to collect. 

3. The interior surface of the furnace must be chemi- 
cally inactive to the constituents of the hot slag, 

4. Means must be provided to drain slag from the fur- 
nace as fast as it is formed, or at least at frequent 
intervals. 

5. Once the molten slag has left the furnace, it must be 
cooled to a temperature that renders it suitable tor 
ultimate disposal. 




Fig. II Boner w.tn drv-asti furnace designed for horizontal gas 
flow through tube banks wlxti 
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To withstand the high temperatures noted above all 
sides and the floor of the furnace are water cooled. More 
or less unsuccessful attempts were made at different 
tiroes to employ other arrangements, including solid re- 
fractories in brick and molded form, air-cooled refrac- 
tories, and water-cooled tubes on various centers em- 
bedded in a variety of refractories. 

The continuous-tap arrangement for withdrawing 
molten slag from the furnace is illustrated in Fig. 12 
The molten slag disintegrates as it comes in contact with 
water in the slag tank, and this final slag product is con- 
veyed to disposal. 

The difficulty in tapping slag of high fluid tempera- 
ture is most evident during low-load operation. Under 
these conditions, even a coal with a slag of medium fluid 
temperature may notbe suitablefor slag-tapping, since 
' "ihe furriace temperature may not sufficiently hign to 
attain the degree of fluidity necessary for tapping 

One of the most important attributes of the slag-tap 
furnace is the coating of sticky ash that covers a portion 
of the furnace walls near the bottom- The sticky surface 
of molten ash, deliberately maintained in selected high 
temperature zones, serves to entrain other transient par- 
ticles. The ash so collected drains continuously toward 
the furnace bottom and is removed through the tap 
holes. The consequent reduction in the quantity of dust 
and ash leaving the boiler unit has a definite practical 
value, since it decreases the amount of dust to be ban- 
died by collectors and therefore decreases the size and 
cost of the dust collecting equipment. 

It may be possible to reduce building costs in housing 
units with slag-tap furnaces, since they are usually 'built 
with flat floors, thus requiring less building height, to 
planning new buildings, this may be a significant factor 
in total first cost. Even in outdoor installations the height 
of the supporting steel structure can be reduced. Also, 
slag-tap units may be installed in older plants where it 
would be difficult, because of die greater height reouired. 
to install a unit designed for dry ash remo"- 1 
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Fig- 12 Slag tank for a large utility unit for collecting lo*. 
viscosity molten ash wnen burning a miOwestern coal. tCour- 
tesy Allen-Snerman-Hoff Company ) 



Fig. 13 Steam capacity of B*W slag-WP and ory-asti boiler umts 
of 300.000 ib/nr and apov/e. for a 34-yr peood. 



Dry-ash and slag-tap furnace installations 

For the 34-year period 1936 through 1969, B«W sold 
567 slag-tap and dry-ash boiler units in sizes of 300,000 
lb of steam per hr and above, for a total capacity of ovei 
683,000,000 lb of steam per hr- Of these, 208 units tor 
228 000 000 Ib/hr, or 33% of the total, were of the slag- 
tap'typ'c, and 359 units for 455,000,000 lb of steam per 
hr were of the dry-ash type. In the size range considered, 
the steam output of B*W dry-ash and slag-tap units by 
year* is shown graphically in Fig- 13- In the earlier years 
of the period, the greater part of the steam output was 
produced with slag-tap units. In the middle years of the 
period, the proportion of dry-ash units steadily in- 
creased and in 1948 virtually an equal amount of steam 
was produced by each type. In the years 1948 through 
1969 more steam was. produced by dry-ash units than by 
the slag-tap type, . 

The statistics plotted in Fig. 13 for the units included 
in the study, indicate a steep increase m the application 
of the dry-ash method of burning pulverized coal after 
the early period. One important reason for this increase 
is the fact that boiler designers, by improvements an 
burners, furnace proportions, and the mwgemevt of 
heating surfaces to preclude slagging and fouhng, 
largely overcame the earlier difficulty of keeping the 
dry-ash unit free of slag or troublesome ash. 
Ash and slag removal from heating surfaces 
Furnace walls and convection-pass surfaces can be 
cleaned of ash and slag while in operation by the use 
of sootblowcrs using steam or air as a blowing medium. 
Tubular air heaters having tubes 20 feet long or less can 
be cleaned by air or steam blowers. With tubes over 20 
feet long, cleaning is done by circulating metal snot 
through the tubes for ash removal. 
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Coal-ash deposition 

Ash deposition in various boiler zones is an important 
factor to be considered by the boiler designer and op- 
erator. Initially, ash deposits on furnace walls act asrn- 
sulation, thereby delaying cooling of fine gases. This 
can cause an increase m steam temperature and is one 
factor that can cause the deposits to advance into nor- 
mally cooler part, of the boiler. If the deposits are not 
removed during operation, accumulations forming on 
furnace walls may cause excessive gas temperatures 
downstream, or in some cases, these accumulations may 
fall and damage pressure components. A^umulahons m 
tube banks may block gas passes and requne a boiler 
outage for manual cleaning. 

The occurrence and severity of ash deposition depend 
largely on-the eosl-ash composition and amount of ooal 
ash, but can be strongly influenced by the method of 
firing, design of equipment, and the operating condi- 
tions'. Some of the influencing conditions are shown in 
Table 5. In practice, the design parameters and operat- 
ing conditions are determined by the characteristics ot 
the ash. For example, if the ash does not tend to form 
troublesome deposits, the furnace wall surfaces will re- 
quire few. if any, sootblowers for cleaning. The boiler 
?an be designed with deep banks of closely spaced 
superheater or reheater tubes located in high-gas-tem- 
perature zones. Relatively few sootblowers will be re- 
quired and these can be operated at high speeds, with 
small nozzles and low pressures. 

On the other hand, if the ash produces hard, massive 
deposits, the superheater and reheater tube banks we 
designed to permit ease of deposit removal. Fot instance, 
lateral tube spacing is increased, tube bank depth is de- 
creased and the banks are located in cooler-gas-tem- 
perature zones. Additional sootblowers, operating at 
maximum capability, may be required. 

It is therefore essential to identify the factors re- 
sponsible for the fouling characteristics of various coals 
so that the optimum design can be achieved with the 
coal or coals being burned. Tins has xeqmred a large 
amount of research into the nature of coal and coal ash, 
the extent and nature of ash deposits, the relationship 
between coal-ash composition and ash deposition, and 
the effect of boiler operating variables. The results ot 
some of this research were discussed earlier in the chap- 
ter when it was noted that coal ash was derived from 
mineral matter associated with the coal-forrmng plants 
and from inorganic constituents added to the coal de- 
posit from outside sources during or following coal for- 
mation. These materials are usually referred to « in- 
herent and adventitious mineral matter respecnvely. 
They occur in many forms, including shales, kaohns 
sulfides, carbonates, chlorides and others. Identification 
of the mineral species is difficult for a variety of reason* 
However, the presence of several of them has long ; been 
associated with severe ash deposition, fouling, and cor- 
rosion. after the organic material is turned and the in- 
organic constituents are carried through the boiler by 
the flue gases. 

An obvious answer to the problem is to remove all of 
die coal ash. Although some ash removal is P°*'£ e f« 
actually accomplished commercially, the task w very 



difficult, and economic and technical limits are en- 
countered. Therefore, it is imperative to acquire a com- 
prehensive understanding of the nature of coal ash and 
its behavior during and following the combustion proc- 
ess. This is being accomplished through laboratory, 
pilot-plant, and field investigations being carried out in 
the U.S. and abroad. 

The results of some of these investigations are given 
in the following section which briefly reviews some ot 
the ash-deposit types and their effect on boiler operation, 
outlines some of the factors affecting ash deposition, and 
describes techniques used to assess deposit severity. 

A*h-deposit types 

A portion of the coal ash and its combustion products 
is carried by the flue gases through the boiler regard- 
less of die method of -Bcal firing, Mach of- the ash passes 
through the boiler without depositing or, m the case ot 
the slag-tip furnace, is removed as molten slag- The ash 
passing through the boiler is subject to various chemical 
reactions and physical forces which lead to deposition 
on stationary surfaces. Flue-gas, particle and surface 
temperatures, gas velocity, flow patterns, as well as other 
factors such as particle size and composition, influence 
the amount and nature of ash depositing on cooled sur- 
faces. Deposits are frequently divided into three broad 
types; 

1 Fused slag deposits forming on furnace walls and 
' Dther surfaces exposed to predominantly radiant heat 
transfer. 

2. High-temperature bonded deposits occurring on con- 
vection heating surfaces, especially superheater!, and 
reheaters. 

3. Low-temperature deposits occurring on air beaters 
and economizers. 

Fused slag deposits 

Slag deposits are usually associated with physical trans- 
port of molten or tacky particles by the. flue gases. Con- 
densation of species vaporized by the flame also can 
occur as the gases cool, causing enrichment of certain ele- 
ments in the wall-slag deposits. For slag-tap furnaces, a 
portion of the furnace is usually designed to provide a 
continuous layer of slag near or in the combustion zone^ 
Beyond the slagging zone, and in dry-ash pulverized 
coal boilers, accumulation of deposits can cause the 
problems described earlier. Fig. 14 shows an example 
of severe slagging encountered on one boiler. Deposrfs 
forming beyond the slagging zone are normally removed 
with short retractable sootblowers. Removal of some 
slags can be very difficult, depending on several factors 
diat are discussed later. 
High-temperature bonded deposits 

The formation of deposits on convection heating sur- 
faces has been the subject of a great deal of research. 
The extent of these deposits varies gready from coal to 
coal and with changes m the furnace wall condition. 
They can be very troublesome because they can obstruct 
E as passages, and are sometimes very difficult to re- 
move with normal in-service cleaning equipment 

Investigators have identified several types of bonded 
deposits, including alkali, calcium, phosphorus, and silica 
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Table 5 

Design parameters- coal and coal ash 



Fuel characteristics 



l. Properties of coal substance 
a . Physical, including density, 
nardness. specific heat, thermal 
expansion and therms' 
conductivity, 
o. Chemical-uehavior during 
rieattng. i.e., carbonization. 



Tecnnological pi 

\. Prowmate analysis 

2. Ultimate analysis 

3. Free-swelling woe* 

4. Differential thermal analysis 

5 TharmOgravimetriC analysis 

6 Effluent gas analyse 

7 GrmddMity 

8. Calorific value 
9- Sieve analysis 

10. igmtaO'l'ty 

11. Abrasiveness 



2. Properties of coal as* 

Determined by the concentration 

ana type ot minerals in the coal 

containing the following elements. 

a. AtMis t Calcium-Magnesium 

b'. Sulfur f-.l r °n 

c. Chlorine g-Sliea 

o. Phosphorus h.Aiumma 

T^hmsliftsicai propel" 

1. Fusion temperatures 

2. Viscosity of slag 

3. Surface tension ot slag 

4 volatility of constituents m slag 

5 Smiermg temperature and strength of a: 



r 



Boiler design and operation 



1. Firing mertiod 

a. Slag tap. PC 
and Cyclone 

b. Dry ash. PC 

c. Fuel bed. chain-grate. 
Bnd spreader stoKer 

2. Furnace design 

a. Rating 

p. wall construction 

c. Type, number and 
arrangement ot turners 

d. Furnace geometry 

b. Exit-gas temperature 

3. Tube barm design 

a. Horizontal or 
vertical tubes 
d- Spacing. Side and back 

c. Depth ot t>Bnk 

d. Alignment 

e. Freedom of 
tuoe movement 



4. Combustion conditions 
a. Excess air 

0. Air temperature 
c. Uaa cycles 
rj Residence time 

5. Properties of flue 6»s«s 
a. Temperature 

p. Flow patterns 
c Composition 

6. Properties of 
entrained ash 

a. Dust loading 
o. Size consist 



d Microsxructure 



Sootblower 
design and operation 

1. Blowing medium 

a. Air or steam 
p. Pressure 

c. Temperature 

2. Type of sootblower 
■o- Short retractable 

b. Longietractaple 

c. Fi*ed position rotating 

d. Traveling frame 

3. Location and spacing 
of sootblowers 

4. Sootblower nonies 
a. Type 

o. Size 

c. Number 

a. Angle of attack 

5. unce-Wbe speed 

a. Roiaiional 

b. Awai 

6. Frmueney of 
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Fig. 14 Furnace-wail slag deposits. 



types, depending on the bonding agent. They appear 
to be associated with vaporization of coal ash con- 
stituents during combustion and subsequent condensa- 
tion ou fly-ash panicles on surfaces. The alkali and cal- 
cium-bonded deposits are more common in the United 
States, whereas problems with these and the other types 
havo been described by investigators in other country 
The occurrence and severity of fouling by these bonded 
deposits depend chiefly on the composition of the coal 
ash but are influenced by the method of Bring, the de- 
sign of equipment and the conditions of operation. 

Since the alkali-bonded deposits are generally ac- 
knowledged a* the most prevalent, especially with U.b. 
bituminous coak they will be treated more extensively 
in the following sections. An example of severe fouling 
on superheater tubes is shown in Fig. 15- 

Deposits found in the superheater and reheater regions 
of the boder are typically composed of a thin inner layer 
with a characteristic composition and appearance dis- 
tinctive from the outer layer, which has a composmon 
similar to the fly ash. Table b gives a comparison of the 
two deposit layers and the fly ash from a boiler firing an 
Illinois coal. . , , . ,, 

The inner layer is normally tightly attached to the 
tube surface and there is strong evidence that a liquid 
phase exists within the layer at operating temperatures. 
This layer provides a bond between the sup«h«w 
tube and the outer layer of sintered fly ash which forms 
the bulk of the deposit and becomes massive under 
certain conditions. j „ a „A 

It is apparent that the inner layer is rich m sodium and 
potassium, and it usually contains sulfate in excess or 



Table 6 

Analysis of superheater deposits _<re fly a 
Trom a boiler firing an Illinois coal 



of Ash. 
% by Wt 



Fly Ash 



37.4 


362 


15.3 


12.9 


203 


19 9 


1-0 


1 1 


5.2 


9.1 


0.9 


1.0 


3.S 


4.3 


2.7 


2.4 


S.G 


13.1 


3.3 


0.0 


100.0 


10O.0 




12 . 



Superheats Deposit* 
Outer Layer Inner Laytr 
15.8 



AI2O3 
Fes03 
T1O2 
CaO 
MgO 

K2O 

so 5 

Not DtrtcnpincJ 
Total 

Water Solubility, % 

the normal alkali equivalent, which is attributed to the 
formation of complex iron and aluminum su **f tes - , In- 
vestigations carried out by B*W indicate that this white 
toner layer is formed over a period of time a, a reaction 
product of the gaseous sulfur oxides and fly ash deposit- 
ing on tube surfaces. Inspections and analyses were 
made of deposits forming on an air-cooled probe in a 
boiler firing an Illinois coal. After one week of exposure 
to flue gases at approximately 20C0F. the deposit 
formed on the metaf surface, controlled at ^F, con- 
sisted of loosely held fly ash with no evidence of a white 
bonding material. The white layer began forming after 
iwo wicks and its thickness progressively increased 
throughout the remainder of the 11-week test period- 

The white layer not only provides a bond for the bulk 
flVadi deposit, but can also be responsible for corrosion 
of high temperature tubes. This is discussed in a subse- 
quent section in this chapter. . 

The nature and amount of bulk deposit forming , or. 1 the 
tube are functions of fly-ash characteristics, which in 
.. turn are related to the coal-ash composition, firing 
. method, and furnace operating conditions For fly ash 
with similar properties, the rate of ash deposition is 
oportional to the amount of fly ash being transported 
t the flue gases. 




Fig. 15 Asn deposits 



secondary supertieater tube*. 
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Low-temperature deposits 

Formation of deposits in the low-temperature zones such 
Is xhe economizer and a* beater is usually associated 
with condensation of acid or water vapor on cooled 
surfaces. Other types of deposits, especially in the 
economizer of boilers with bed-type combustion sys- 
tems, have also been reported while firing coat with 
relatively small amounts of phosphorus Phosphatic 
deposits have been extremely hard, but the problem is 
restricted to a limited number of boilers, located mostly 
in Europe- 
Condensation of acid or water vapor can be encoun- 
tered when metal surfaces are allowed to cool below the 
acid or water dew points. The sulfuric acid dew point 
depends on the amount of sulfur trioxide present; in the 
flue gases, but it is usually between 250 and 300F for 
Sd 3 concentrations of 15-30 parts per rnflliou.The water 
dew point depends on the coal and air moisture levels, 
the hydrogen in the coal, the excess air. and the amount 
of steam used in sootblowing. It is usually in the range 
of 105-115F for coal firing. On air heaters, where metal 
temperature is a function of both air and flue gas tem- 
peratures, condensation on low temperature surfaces of 
tubular heaters can occur on tubes near the air inlet 
and flue gas outlet or on cold-end baskets mi regenera- 
tive heaters as they are being heated by the flue gases 
on each cycle. Several factors, such *s maldistribution ot 
air or flue g3ses. excessively low exit-gas temperatures 
and very low air temperatures can aggravate the prob- 
lem of condensation. Low gas flow during low load, 
start-up and other similar periods can also result in con- 
densation of water and acid. 

The deposits themselves can he composed of three 
types of material. First, the acid attack can produce 
various amounts of corrosion product next to the metal 
depending on the amount of acid available, the tempera- 
ture! andV type of metal. Second this ; wet deposit 
can trap fly ash which adds to the bulk of the deposit. 
Third, the acid can react with constituents such as iron, 
sodium and calcium in the fly ash to form sulfates, which 
increase the deposit bulk. 

The deposits are usually characterized by low pH 
(highly acidic); many contain hydrated salts, and for 
most bituminous coals they are water soluble. In this 
case deposits can sometimes be water washed from low- 
temperature surfaces. However, in some cases when the 
coal ash contains large amounts of materials such as 
calcium, the reacuon product CaSO y^.™**** 
The deposits that form are very hard and duhcult to 
remove> washing. Complete plugging of ga, , passes 
also makes removal by water washing more difficult, 
even when the deposits are water soluble. 

Deposition can be ebminated by operating the metal 
temperatures well above the acid dew point temperature 
of the flue gas, but diis would result in a significant loss 
in boiler efficiency. Improvements in design to get more 
uniform air and gas distribution, better matenals of 
construction and improved cleaning systems have been 
combined to minimize the low-temperature depoat 
problem while operating at relatively low exit-gas 
temperatures. 
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Evaluation techniques 

The development of laboratory techniques for evaluat- 
ing the slagging and fouling tendencies of coals is an 
important and necessary step in Priding optimum 
boiler designs for each fuel type typical aSTM tests 
are usually inadequate to distinguish fouling tendencies 
of various coals. Extremes in ash fusion temperatures 
may be indicative of differences in fouling and slagging 
potential, but most coal ash falls within a narrower 
range and the fusion temperatures are therefore in- 
adequate. Operating experience from commercial boilers 
is essential in establishing the actual behavior of coals 
but controlled testing of large boders is unwieldy and 
expensive. Furthermore, it is impossible in these huge 
boilers to examine very small coal samples, such as 
core drillings from a new mine. Thus, information that 
would be of value in estabhslung boiler and cleaning 
equipment design parameters might be delayed prob- 
ably until a new nTine is operating, and the boiler has 
already been designed. It is therefore ^senqal that 
laboratory tests be available to evaluate the behavior of 
coals. Several methods have been developed by B*W 
to aid in providing optimum design parameters for 
various coal-ash types. 
Wall slagging 

The deposit forming on ^ater-cooled furnace walls 
usually varies in appearance, depending on the composi- 
tion, atmosphere, and >Iag temperature. Adjacent to die 
tube surface, it is frequently porous and relanvely loosely 
adherent to the tube surface. As the deposit builds in 
thickness, the surface exposed to the flue gases becomes 
plastic, then fluid, if tempe^ res we enou _S h f 1 ™ 
it reaches an equilibrium thickness. However, the plas ic 
she is more dimcult to remove as sootblowers can be 
almost ineffect.ve in penetrating the vi^cou* pW she 
that sometimes forms at the outside surface of the wall 

^Various methods have been used in attempting to 
predict the slagging tendencies of a coal ash. Ash fusion 
Temperatures, in some cases, provide an indication of 
the potential problems that might be encountered with 
a pamcular coal. For example, coal ash with extremely 
high fusion temperatures remains dry and little or no 
deposit forms on furnace walls. However, for coals with 
lower ash fusion temperatures, other factors are impor- 
tant. Coal-ash composition has also been shown to in- 
fluence the slagging behavior of coal «sh and formulas 
have Wen propose! to calculate softening temperature 
from ash composition, but here too. no ^udznonb^s 
been developed to enable prediction of wall-slagging 
tendency. 

Extensive field tests, during which time-lapse movies 
and other observations were made, confirmed that we 
slags that were plastic were very difficult to remove. 
VisXosity measurements, usually made to determine flow 
charactenstics for slag-tap performance, ^^Jg 
to higher viscosity levels. These measurements showed 
that S» slags most difficult to remove were plastic over 
a broad temperature range, whereas slag> that were 
easy to remove were plastic over a relatively narrow 
Speranire range ( JW 26). This «la«onsh,p wa> 
observed for a number of coal-ash slags and efforts are 
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Fig. 16 Viscosity of wall slags (o*idiiins atmosphere). 

now being made to develop a correlation giving coal-ash 
viscosity in the plastic region as a function of tempera- 
ture and slag composition, includmg relative amounts of 
FeO and Fe 2 0 3 . The influence of the iron oxidation state 
is very strong and the change in oxidanon level may be 
due to changes in excess air. Fig- 17 shows the effect on 
viscosity by changing from an oxidizing to a reducing 
atmosphere over the slag melt, Flame impingement on 
furnace water walls can be responsible for creating a 
strongly reducing condition of the slag and causing 
severe wall slagging. 



High-temperature bonded deposits 

Early research effort in this area was directed toward 
alleviating ash deposition by modifying boiler design, 
injecting additives, and improving boiler cleaning equip- 
ment. During this time, numerous coal analyses were 
obtained in an effort to isolate troublesome coal con- 
stituents, and concurrently to develop laboratory tech- 
niques for assessing the deposit-forming tendency of a 
coal. One technique, developed some time ago, has 
proved to be very useful and is still in use today. This 
technique, called the sintering test, determines the 
relative strength of a deposit. In this test, the fly-ash 
samples collected from the flue gases are passed through 
a 60-mesh LI S. Standard screen to remove particles 
slag and me then ignited to constant weight at 900F to 
remove any carbon that might be present- The ignited 
fly ash is then reduced to a minus.100.mesh size, and at , 
least 24 cylindrical specimens (0,6-in. diameter by 
0.75-in. long) are formed in a band press at a pressure 
of 150 psi. At least six specimens are heated in au. usu- 
ally at each of four temperature levels ( 1500, 1600, 1700 
andl800F) for 15 hours- 

After the specimens have cooled slowly in the furnace, 
they axe removed, measured, and then crushed m a 
standard metallurgical testing machine. The sintered or 
compression strength is then computed from the applied 
force and the cross-sectional area of the sintered speci- 
men. The average strength of six specimens is used as 
the strength of the sintered fly ash at a particular sinter- 
ing temperature. 




lOT ■ lmli»i Delormiiion Twnperawre 
HT-HwTiisptipncai Temperature 
FT ' Fimd "umpBraiurs 




~20M 2100 2200 2300 2*» 2500 2600 

Slug Ternpenrture, F 

Fig. 57 Viscosity-temperature relationship. 



Fig. 18 A comparison of sintered strengths and ash fusion 
temperatures tor a fouling and a non-fouling coal. 

Extensive application of this method, combined with 
observation of operating boilers, showed that coals with 
a tendency to form troublesome deposits produced ny 
ash with high sintered strength. Conversely, low-strength 
fly ash was associated with non-fouling coals. The two 
extremes are illustrated in Fig. 18 which shows the 
strength of sintered fly ash for two coals having similar 
ash fusibility but w,dely varying fouling characteristics. 
This figure shows that ash fusion temperatures bear 
little rehuuon to the tendency to form bonded deposits. 

Coal samples were also obtained while the sintering 
information was being compiled. A relationship between 
total alkali content (Na s O and K s O. expressed as eqwv- 
alent total Na^) and fly-ash sintered length was ob- 
served for the samples collected. This trend is shown m 
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Numerous tests have been made with a variety of 
domestic and foreign coals. These coals were selected 
to provide a wide range of analyses and fouling potential 
when this information was known. The actual ranges 
of concentrations of coal-ash constituents for all coals 
and for the bituminous coals tested in Wis and otter 
programs are compared in Table 7 with the ranges typ- 
ical of U.S. coals: 

Coal-ash constituents of pilot p?»rrt coals w typical U-S- coals 
Percent oy weigm 

Bituminous 

Coals Typical 
Tested U-S. Coals 



Sintering Tompsraipr*. F 



Fig- - 19 Effect of alhali content m teai. - - ■■ 

FiZ 19, which illustrates the higher coal-alkali content 
associated with high-strength fly ash. As knowledge of 
the factors affecting ash deposition increased, guidelines 
were established to arrive at suitable equipment designs 
for various fuels. The first such guideline, called a 
"fouling index." used total alkali content in the coal as a 
criterion. This index divided coal into three categories, 
based on the alkali content. Coals with 04* alfcO, or 
lower produced deposits that could easily be removed 
by sootblowers, but superheater fouling increased 
markedly when the alkali content of the dry coal was 
more than 0.6%. Between these two levels, intermediate 
fouline was encountered. 

During this period, it was also learned that additives 
such as dolomite and magnesia have a pronounced effect 
on the strength of fly ash. For bituminous coals, which 
normally contain more acidic than basic consnwenw, 
magnesia was the most effective additive tested. Fig J 
shows the effect of several additives. Subsequent field 
tests in which magnesia and high-magnesium dolomite 
were injected into boilers, conSrmed that these addmves 
could substantially lower sintered strength and reduce 
fouling with bituminous coals. 
Development of laboratory tests 

The fouling guidelines were improved as information 
was acquired from operating experience, sintering data, 
and coal analyses. However, the acquisition of data for 
improving guidelines was slow and expensive because it 
was dependent on field tests. This, of course, meant full- 
scale boiler tests under constant conditions with a large, 
consistent coal supply which became more difficult as 
unit size increased, In an effort to improve the efficiency 
and accuracy of obtaining data, a research program was 
initiated to develop a technique to evaluate the foulmg 
potential of a coal based on information developed m 
ihe laboratory. The primary requirement for this step 
was the production of suitable fly ash for e^luatton by 
the sintering test. This was accomplished by building 
a small coal-fired pilot plant. 

Tests made in the pilot plant confirmed field ^ experi- 
ence indicating that it could be used as a tool for 
evaluating ash-fouling tendency. Fig. 21 shows that fly 
ash from this pilot plant bad widely differing strengdis; 
those strengths related well with fouling history. 





All Owls 




Tested 


S1O2 


S.3-61 


Al 2 0 3 


<5 CM3 


FciO?. 


2 6-30 


TiOi 


0.3- 1.4 


CO 


0.9-33 


MgO 


0.4-10+ 


NasO 


0.1-14 


KaO 


0.2- 3.0 


S0 3 


1 -23 



37 -61 
13 -43 
2.6-30 
0.7- M 
0.9- 9 2 
0 4- 2.4 
0.1- 2.4 
0.3- 3.5 



20 -60 

10 -35 
5 -35 
0.5- 2.5" 
1 -20 
0.3- 4 

},-. 

0.1-12 



This comparison shows that information has been ac- 
quired for coals with constituent concentration ranges 
in some cases greater than those typical of US. coals, 
and thus indicates a very wide range of coal-ash com- 

^hese experiments have demonstrated that sodium is 
the most important single factor affecting ash fouling. 
Potassium, which had been included in previous alkali- 
fouliUK indices, makes no perceptible contnbuuon to 
sintered strength. The aimmnt of water-soluble sodium, 
which is related to the more readily vaporized sodmra. 
was shown to have a major effect on sintered strength. 

This result was achieved by washing the coal with hot 
condensate in the laboratory to remove the water-soluble 
sodium which is related to the more readily vaporized 
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F,g. 21 Comparison of sirrter.ng characteristics of laboratory 
fly ash. 

sodium. The washed coal was then fired in the pilot 
plant and sintered at various temperatures. In one case 
a fouling coal washed with hot condensate and sintered, 
at 1700F had a fly-ash strength only lQ7o of the value 
obtained with an unwashed sample at the same sintering 

^TSonnSon from the tests carried out thus far is being 
processed to develop correlations between fly-ash sin- 
tered strength and coal-ash composition, using both 
total and water-soluble sodium. 
Lignites 

Tests with several North Dakota and Canadian lignites, 
and an Australian brown coal all of which have ash 
with high alkali contents (CaO, MgO Na ? 0, K 3 0), 
have shown that fly ash from these coals will sinter at 
low temperatures, but sintered strengths remain low 
regardless of fouling tendency. Since this ash contains 
large amounts of alkaline materials which react with 
sulfur dioxide to form sulfates, the bond is probably a 
sulfate type. 

Effect of operating variables 

Although the predominant factors affecting .ash deposi- 
tion are the amount and composition of the coal ash. 



boiler operating conditions have also been demonstrated 
to affect deposition. Some of the factors that have been 
studied are excess air, firing method, and deposit-time 
temperature, which is a function of the gas-tube tem- 
perature relationship as well as ash properties. 

The effect of excess air variation on viscosity is indi- 
cated m Fig. 17. It was noted earlier that picric slag 
is most difficult to remove from furnace walls, and this 
figure shows that variations in atmosphere from reducing 
to oxidizing have a major effect on the nature of the 
ash In practical terms, this means that care must be 
exercised hi maintaining proper coal/air ratios at all 
times. If mMw» w* nWd w occur, the slagging 
may be aggravated. Flame impingement on furnace 
walls, or operating several burners with less than theo- 
retical air required for combustion and others at high 
excess-air levels, are typical ways in which this can oc- 
cur. "Increased slagging can also raise temperatures 
entering the convection bank, which leads to higher gas 
and deposit temperatures, thereby increasing deposit 
strength (see Fig. 19). Thus, although excess air has no 
direct effect on deposit strength, the higher gas tem- 
peratures caused by increased furnace wall slagging 
do affect superheater deposition. 

Since deposition appears to be associated with vapori- 
zation of coal ash constituents, this phenomenon has 
been studied extensively. Vaporization is strongly de- 
pendent on mineral-matter type and on time and com- 
bustion temperature. Combustion temperature m turn is 
affected by heat release rate (including firing method), 
excess air. combustion air temperature, and coal char- 
acteristics. The rate of deposition is proportional tD the 
amount of ash suspended in the flue gases and actual 
operation can be more severe for the lower strength 
deposits because of the higher rate of deposition, tor 
bituminous coals only a small amount, usually less than 
5%, of the suspended ash is deposited on convection, 
banks, but for lignites this figure may be much greater. 

Sintering time or reaction time is also a very impor- 
tant factor m determining deposit characteristics. Fig. 
22 shows that, if a deposit is not removed promptly, the 
strength of the deposit increases many times. Thus, es- 
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Fig. 22 Effect of Sintering time- 
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tablishing sootblower operating frequency and coverage 
SaSTJ f extremely important facet of the overall prob- 
lem of asb deposition, 

Coal-ash corrosion 

Serious external wastage or corrosion of high-temperature 
SS5?»a theater tubes was first encountered » 
S&ed boilers in 1955. Tube failures resulting from 
exces^ve dunning of the tube walls, as shown in Fig. 
S occurred almost simultaneously in the reheate: : of a 
Sy-ash furnace boiler and the secondary * 
^slag-tap furnace unit. Corrosion was «n&»edw *J 
outS tuL sections of the reheater and *e secondary 
Sieater. which were made from cbrome-femtic and 
stainless steel alloys, respectively. 

Signify, thee ko^rs were, among !>* >t jobe 
desSed for 1050F mam and reheat steam future 
aSfboth units burned high-sulfur «J 
from central and southern Illinois, which were causing 

on tube surface beneath bulky layers of ash and slag. 
WhST dry. the complex sul/ates were rekU-ly ^ 
nocuous, but when semi-molten (X100-1350F), tftey 
cSed most of the alloy steels that might be used jn 
superheater construction, as well as other normally cor- 

"Sfaf J^Sdiat coal-ash corrosion might be 
conted to bofers burning high-alkali coaU but com- 
SeTsulfate corrosion was soon found on superheaters 
£d rlheaters of several boilers burning l^rr^um 
alkali coals- Where there was no corrosion, the complex 
were either absent or the tube-metal tempera- 



+13037340330 T-03B P- 19/27 F-4B4 

tures were moderate (less than HOOF). The general 
conclusions drawn from this survey of corrosion were: 
1 All bituminous coals contain enough sulfur and alkali 
metaU Tproduce corrosive ash deposits on super- 
heaters and reheaters, and those containing more than 
3 5% Xr and 0.25% chlorine may be particularly 
troublesome. 

2. Deposit temperature adjacent to die tube surface is 
the*dominanVfactor affecting rate of «■ 
pertence has shown that the combmauon of tube- 
Utal temperature and gas temperature provides a 
tactical criterion for estimatmg deposit «9"<™ 
U for establishing design temperature lnrnts _Fi | 
24 which is used as a guide in design, indicates stable 
and corroJivHones ol fuel-ash corrosion as a func- 
tion of gas and metal temperatures. 






F*. 23 Typical corroded lSCr-SN, tuM Irom secondary super- 
neater. 



F»B- 2* F«ei-asn corrosion— sable and corrode zones. 

Based on this information, B«W modified the design 
of its boilers to reduce greatly the corrosion of super- 
heaters and reheaters. These modifications mcluded 
changes in furnace geometry, burner configurauon, 
sweater arrangement, and 'the use of gas tempering 
all of which reduced metal and gas «?«P«™» "J 
reduced temperature unba knees. Expenence 
installations has shown that it is possible to operate 
biers with main and reheat steam temperatures up. to 
1050F with little, if any, corrosion. - 

Meanwhile, there was a gradual return to the 1Q00F 
ste^TndSons for new plants, due primarily to eco- 
nomic factors and secondarily to coal-ash gam 
Tliis temperature level permits the use of towCT-cost 
aioy, to ffe boiler, steaming. ™*^ b ™™*!± 
stantial savings in investment costs, and it also provides* 
S r3 of safety to avoid corrosion. Steam itm- 

1000F plateau until economics dictates tne use or 
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- D.retTiOf) of Gas Flow 



Fig. 25 Transverse sections of corroded tubo$ from secondary 
superneater platens. 

temperature alloys and until methods are developed for 
avoiding corrosion at higher steam temperatures. 

Gencrarcharacteristics of corrosion 

External corrosion of superheaters and reheaters is con- 
centrated on the upstream side of the tube, as shown in 
Fig 25. The greatest metal loss usually occurs on the 
10 and 2 o'clock sectors of die tubes and it tapers off to 
little or none on die back side of the rubes. The corroded 
surface of the tube is highly sculptured by a shallow 
macropjtuug type of attack. The amount of corrosion, as 
measured by reduction in tube wall thickness vanes 
considerably along the length of the tube, depending on 
local conditions. U,. the position of the tube in the bank 
or platen, the proximity of sootblowcrs. the composition 
of ash deposits and, most importantly, the gas and metal 
temperatures. , 
The corrosion rate is a nonlinear function ot metal 
temperature (Fig. 26). The corrosion of both chrome- 
ferritic and l8Cr-6Ni stainless steels increases sharply 
above a temperature of 1150F. passes through a broad 
maximum between 1250 and 1350F, and then decreases 
rapidly at still higher temperatures. 

The highest corrosion rates are generally found on the 
outlet tubes of radiant superheater or reheater platens 
opposite retractable sootblowers. Values ranging from 
50 to 250 mils/year have been observed on 18Cr-SNi 
stainless steel tubes under these adverse conditions. 



When similar high-temperature surfaces (U0O-1175F) 
are arranged m convection tube banks so they are 
shielded from direct furnace radiation and sootblower 
action, corrosion rates are much lower, ranging between 
5 and 20 mils/year. 
Corrosive ash deposits 

Corrosion is rarely found on superheater or reheater 
tubes having only dusty deposits. It is nearly always as- 
sociated with sintered or slag-type deposits that are 
strongly bonded to the tubes. Such deposits consist ot at 
least three distinct layers. The outer layer, shown dja- 
gramatically in Fig 27, constitutes the bulk of the de- 
posit and has an elemental composition similar to that 
of fly ash. Though often hard and britde, this layer is a 
porous structure through which gases may diffuse, hv 
n-cuous by itself, it plays an . important part » the 
formation of an intermediate layer that contains the 
corrosive agents 

The intermediate layer, frequendy called the white 
layer is a white-to-yellow colored material which vanes 
in thickness from & 3 to % in- It usually has a chalky 
texture where corrosion is mild or nonexistent but is 
fused and semi-glossy where corrosion is severe. In the 
ktter condition this layer is difficult to remove as it is 
so firmly bonded to die corroded surface beneath. 

Upon heating in air, the intermediate layer melts 
around 1QQOF and slowly discolors and hardens mm a 
hard mass resembling rust. Chemical analyses of this 
layer show that it contains higher concentrations ot 
potassium, sodium and sulfur than does the parent coal 
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F,* 27 Ana.yses of typical ash deposit from ISCr-BN, super. 



Fig. 26 Effect of temperature o 
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ash- A large part of this deposit is water soluble and the 
waWsol&le fraction is always acidic. The identifica- 
tion of compounds making up the intermediate layer* 
difficult because its constituents are not well crystallized 
The normal sulfates are conspicuously absent and the 
implex alkali sulfates are % e ^ N ^# ™* 
mosf common compounds found are Nf3Fe(SO,h and 
KAl (SO«) 3 although other complex sulfates are thought 

tD UbomSy studies have shown that complex alkali 
sulfates, when molten, rapidly corrode most, if not all, 
superheater alloys. Corrosion begins between 1000 and 
1150F, depending on the relative amounts of complex 
sodium and pottssmm sulfates present, and whether 
these are predominantly iron or aluminum-base com- 
pounds. Corrosion usually begms at die lower tempera- 
ture where the sodiurh-iron-sulfate system is me mapr 
part of the intermediate layer, but corrosion is more 
severe and persists into a higher temperature range 
when the potassium-alummum-sulfate system is the 

*55£S*ta. layer is carefully removed, a black 
glassy inner layer is revealed, which appears to have 
replaced the normally protective o»de on the tube. Tms 
layer i> composed primarily of corrosion products , 
oxides, sulfides and sulfates of iron and other alloying 
constituents in the tube metal. It seldom exceeds '/S« m. 
thickness on corroded 18Cr-8Ni stainless steel lu\*s 
probably because of its strong tendency to spall off 
when the tube cools. The layer containing "rrosion 
products from cbrome-ferritic alloys often reaches % m. 
fhickness and exhibits httle tendency to spall as the tube 
cools. 

Cprrosion mechanisms 

The elements involved in coal-ash corrosion .(s°dium, 
potassium, aluminum, sulfur, and iron ) are derived from 
the mineral matter in coal. The minerals supplymg those 
elements include shales, clays and pynte, which are 
commonly found in all coals. 

During the combustion of coal, these mmerals are ex- 
posed to high temperatures and strongly reducing 
effects of carbon for very short periods of tun* Al- 
though comparatively stable, the mineral matter under- 
goes rapid decomposition under these conditions Some 
ffthe Skalies arf released or volatilized as relatively 
simple compounds, which have "dew points in the 
1000-1300F range- Furthermore, the pynte is oxidized 
releasing SO-, with the formation of a small amount of 
SO, leavmg'a residue of iron ox»de (Fe 2 0 3 ). 

By far the largest portion of the mineral matter or its 
derived species react" to form the glassy P««£"»£ 
fly ash The fly ash and volatile specie* m the flue ga.es 
tend to deposit on the tube surfaces in a selective ^man- 
ner and subsequent reactions between these matenab 
occur over long periods of time. 

In the formation of corrosive deposits, fly a>h first 
deposits on the superheater and reheuter tube,. Slowly, 
over a period ofweeks, the alkalies and the sulfur 
oxides dSuse through the layer of fly ash toward the 
tube surface. In the lower temperature zone of the ash 
deposit, chemical reactions between the alkalis the 
sulfur oxides, and the iron and aluminum components 



of the fly ash result m the formation of the complex 
alkali sulfates as follows; 
CI) 3KaSO« + FeoOg + 3S0 3 - 2K3Fe(SO,) 3 
and (2) K 2 S0 4 + Al,A, + 3S0 3 ~* 2KAUSO,) 2 

Similar reactions occur with sodium sulfate (Na,S0 4 ), 
although the complex sodium sulfates are less ; apt to 
form at high temperatures because of their lower sta- 

bi R^cent work at B«W's Research Center has shown 
that SO s concentrations in ash deposits must be very 
hieh (1000-1500 ppm), compared to the level in the 
flue gas (10-25 ppm) in order to form the complex 
alkali sulfates in the intermediate layer. Hence the bulk 
of the S0 3 must come from the catalytic oxidation ot 
SO, in the outer layer" of the deposit. 

When the SO, produced in the outer deposit exceeds 
the partial pressure of S0 3 over the intermediate de- 
posit the complex sulfates form via reactions (1) and 
(2) above. When the opposite is true, the complex 
sulfates begin to decompose, according to the reverse 
of reactions (1) and (2). until a new equilibrium is 
reached. Since the formation of S0 3 is temperature de- 
pendent, the reversibility of these reactions is also tem- 
. Serature dependent. As shown in Fig- 26, the corrosion 
rate increases with temperature, passes through a maxi- 
mum between 1250 and 1350F, and then falls to a 
comparatively low level at higher temperatures 

The destructive reactions between the complex alkali 
sulfates and the tube metal and its oxides have not been 
fully defined. A number of theories have been advanced 
to account for the composition of the corrosion products 
and the high rate of metal wastage. One that has been 
tentatively accepted is shown below: 
(3) 3Fe + SOr -FeA + S- 
fTube Metal) (Molten Complex (Black Classy 
Sulfate) Layer) 
The temperature range of this rapid liquid-pbase attack 
is bracketed by (a) the melting temperature of the 
mixture of complex alkali sulfates present, and (b) then 
thermal-stability limits. The extreme width of tins 
temperature band is approximately 400F. or corrosion 
due to the complex alkali sulfates may range from as 
low as 1000F to a maximum of J400F, depending on the 
species present in the intermediate layer. 

Corrective measure? 

Various methods of combatting corrosion of superheater 
and reheater tubes have been used or suggested, includ- 
ing the following; 

1. The use of stainless steel shields to protect the most 
vulnerable tubes. 

2. Coal selectivity and the grinding of coals to a finer 
»ize 

3 Improve combustion conditions. i.e.. provide iast 

ignition, good mixing, and proper excess air. 
4. Injection of additives (mainly magnesium- and calci- 
um-bearing minerals) into furnace gases or directly 
on the tubes through sootblowers 
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5 The use of more corrosion-resistant alloy* and ceramic 
coatings on the most vulnerable superheater and re- 
heater tubes. . 
Low temperature coal-ash corrosion is covered m 

Chapter 13. 

Fuel-oil ash 

The ash content of residual fuel oil seldom exceeds 
0.2%, an exceedingly small amount compared to that in 
coal. Nevertheless, even this small quantity o ash .» 
Spable of causing severe problems of f^rnal depo8t> 
Jd corrosion m boilers, of the many dements that may 
Soear in oil-ash deposits, the most important are 
SI ■** suIfur " Compound these 

elements are found in almost every deposit in boders 
S by residual fuel oil and often constitute the mapr 
portion of these deposit's. 
Origin of ash 

As with coal, some of the ash-forming consents n, i the 
crude oil bad dieir origin m animal and vegetable matter 
from which the od was derived. The reminder is ex- 
traneous material resulting from contact of Je crude 
oil with rock structures and salt bnnes, or picked up 
during refining processes, storage and transportation 

In general, the ash content increases with ******* 
asphaftic constituents in which the sulfur acts largelj r as 
a gridge between aromatic rings. Elemental sulf ur and 
hydrogen sulfide have been identified in crude od and 
simpler sulfur compound* are found in the distillates of 
cS od including thio-esters. disulfides, thmphenes 

^ium, nickel and calcium in fuel 
ad were probably derived from the rock strata butsome 
elements such as vanadium, ruckel, zinc and [ copper 
probably came from organic matter from which die 
Seum was derived. Vanadium and nickel especudly, 
Se known to be present in organo-metallic compounds 
known ^porphyrins which are characteristic of obtain 
forms of animal life- Table 8 mdicates the amounts o 
vadium, nickel and sodium present in residual fuel 
oils from various crudes. 

Table 8 

Vanadium, n.cxel and sodium content 
of residual fuel oils 
[parts per million Dy weignt) 



+13037340330 T-035 P- ZlM F-4B4 

Crude oil us such is not normally used as a fuel but 
is further processed to yield a wide range of more 
valuable products. For example, in a modern U i. re- 
finery the average product yield, as a percentage of total 
throughput, is: 

Gasoline 

Lube oil fraction 

Jet fuel 

Kerosine 

Distillates 

Residual fuel 

Virtually all metallic compounds and a large part of 
the sulfur compounds are concerted m the Ra- 
tion residue, as illustrated for sulfur in Table 9. Where 
low-sulfur residual fuel oils are require d, they are ob- 
tained by blending with suitable stocks, including both 
heavy distillates and distillation from mw-smrur crude,. 
ThiPprocedure is also used occasionally if a residual 
fuel oil must meet specifications such as vanadium, or 
ash content. 

Sulfur content in fraSm^of Kuwait crude oil 

Total Sulfur 
% by Wgigbt 



Sourer of 
Crude Oil 


Vwudium 


Nickel 


Sodium 


Africa 

1 


55 
1 


5 
5 


22 


Middle East 


7 




I 


3 
i 
5 


173 
47 


51 
10 


8 


United Slates 
6 
7 
8 


13 
6 
11 


2.5 


350 
120 
84 


Venezuela 
9 
10 
11 
12 
13 


57 
380 
113 

93 


5 
13 
60 
21 


480 
72 
70 
49 
38 



44.4 
16.4 
6.2 
2.9 
22.5 
7.6 



Fruct: 



Range, F 



Crude oil 
Caroline 
Light nnphiha 
Heavy uaplulia 

jCi^inc 

LiRrrt gas o.l 

Heavy cas oil 

Roidual od 

SS^Arack- hy F. E. H*o., Shell }^^*% 
,ng Ct>.. Ltd., ChemvtT), and /nuWry, Match 28. 1355. page 



124-253 
257-300 
307-387 
4D5-4BO 
477-516 
538-583 
588-928 



255 
0.05 
0.05 
Oil 
0.45 
085 
1-15 
3.70 



Release of ash during combustion 

Residual fuel oil is preheated and atomaed to provide 
enough reactive surface so that it will burn completely 
within the boiler furnace. The atomized fuel o burns 
in two stagcs.'ln the first stage the volatile portion burns 
and leaves a porous coke residue, and in die second 
stage the coke residue bums. In general, the rate ot 
Combustion of the coke residue fa P«^g«d2 
to the square of its diameter, which in »^ « » 
. the droplet dmmeter. Thus, small ruel droplet 5 give me 
to coke residues that burn very rapidly and the ash- 
forming constituents are exposed to the highest tempera- 
tuS hf the nam^ enveloped ash-forming constituent 
n Se Wer coke rendues from the larger M^J 
« l*te.Lorc slowly, partly in association 
Please of the ash from these residues is determined by 
the rate of oxidation of the carbon. - 
During combustion, the organic vanadium compounds 
m the retidual fuel oil thermally decompose and oxidje 
in the gas stream to V 2 0 3 , V 2 0, *nd finally Vo0 5 M- 
though S complete oxidation may not 
may be some dissociation, a large part of *c^ato 
originally present in the oil exists as vapor phase VjOs 
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Subsequently, reactions take place between the vana- 
dium and sodium compounds with the formation at 
complex vanadates having melting points lower than 
those of the parent compounds, for example; 
C4 j I*a 2 SO* + V 2 0 5 - 2NaV0 3 + S0 3 J 

Melting Points 1625F 1275F 1105F 
Excess vanadium or sodium in the ash deposit, above 
that necessary for the formation of the sodium vanadates 
(or vanadyl vanadates), may be present as V 2 0 5 and 
Na^SCK, respectively. 

The sulfur m residual fuel is progressively released 
during combustion and is promptly oxidized to sulfur 
dioxide (SO*). A small amount of sulfur dioxide is 
further oxidized to SO, by a small amount of atomic 
oxygen present in the hottest part of the flame. Also, 
'catalytic oxidation "of S0 8 to SGg -may occur as the floe 
gases pass over vanadium-rich ash deposits on high- 
temperature superheater tubes and refractories. 

Oil-slag formation and deposits 

The deposition of oil-ash constituents on the furnace 
walls and superheater surfaces has been a serious prob- 
lem in recent years. This deposition, coupled with cor- 
rosion of superheater and reheater tubes by deposits, 
was largely responsible for the break in the trend to- 
wards higher steam temperatures that occurred in the 
early 1960's. , . ,, 

Practically all boiler installations ate now designed for 
steam temperatures in the 100O-1015F range to minimize 
those problems and to avoid the higher capital costs of 
the more expensive alloys required in tubes, steam pip- 
ing and turbine for 1050-1100F steam conditions. 

There are many factors affecting oil-ash deposition on 
boiler heat absorbing surfaces. These factors may be 
grouped into the following interrelated categories; 

1. Characteristics of the fuel oil. 

2. Design of the boiler. ■ 

3. Operation of the boiler. 

Characteristics of fuel-oil ash 

Sodium and vanadium are the most significant elements 
in the fuel oil because they can form complex com- 
pounds having low melting temperatures, 480-1250F, as 
shown in Table 10. Such temperatures fall within the 
range of tube-metal temperatures generally encountered 
in furnace and superheater tube banks of many oil-fired 
boilers. However, because of its complex chemical com- 
position, fuel-oil ash seldom has a single sharp melting 
point, but rather softens and melts over a wide tem- 
perature range. 

An ash particle that is in a sticky, serm-molten state at 
the tube-surface temperature may adhere to the tube if 
it is brought into contact by the gas flow over the tube. 
Even a dry ash particle may adhere due to mutual at- 
traction or surface roughness. Such an initial deposit 
layer will be at a higher temperature than that of the 
tube surface because of its relatively low thermal con- 
ductivity. This increased temperature promotes the 
formation of adherent deposits. Thus, fouling will con- 
tinue until the deposit-surface temperature reaches a 
level at which all of the ash in the gas stream is in a 



Table 10 

Melting points of some oil-ash constituents 



Melting Point, F 



3720 
1420* 
46B2 
2640 



895' 
3795 
1545* 
3130 
1625 
4B0" 
750* 
1000 



1275 
1165 
1185 
1560 



Aluminum oxide, AI2O3 
Aluminum sulfate, Al2(50*)3 
Calcium oxide. CaO 
Calcium sulfate, CaSO* 
Feme o*ide, Fe2C>3 
Ferric sulfate. Fc2(SO t )3 
Nickel owde. NiO 
Nickel sulfate. NiSO* 
Silicon dioxide, S1D2 
Sodium sulfate, NasSO* 
Sodium bisulfate. NaHSO* 
Sodium pytosulfate, NsgSsO? 
Sodium ferric sulfate, N«sFe(S0 4 )3 
.. . Vanadium uwdde, Y2PS 
Vanadium tettredde, V2O4 
Vanadium pentode, V2O5 
Sodium jJietavanadaie, Na2O'V2O5(NaV03} 
Sodium pyiovanadate. 2NazO-V20s 
Sodium ortkovaaadate, 3Na20-V20s 
Sodium vanadylvanadatBs, 

Na 2 O-V 2 0*-V205 1160 
5N*20.V 2 04-nV205 9»5 
• Decomposes at a temperature around the melting point. 

molten state so that the surface is merely washed by 
the liquid without freezing and continued buildup. 

In experimental furnaces it has been found that the 
initial rate of ash buildup was greatest when the sodium- 
vanadiuro ratio in the fuel oil was 1 to 6. but an equilib- 
rium thickness of deposit (% to % in. thick) was 
reached in approximately 100 hours of operation. When 
the fuel oil contained more refractory constituents such 
as silica, alumina, and iron oxide in addition to sodium 
and vanadium, an erruihbrium condition was not reached 
and the tube banks ultimately plugged with ash deposits. 
However, these ash deposits were less dense, i.e. more 
friable than the glassy slags encountered with a f to o J 
sodium-vanadium fuel oiL Both the rate of ash buildup 
and the ultimate thickness of the deposits are also in- 
fluenced by physical factors such as the velocity and 
temperature of the flue gases and particularly the tube- 
metal temperature. . 

In predicting the behavior of a residual oil insofar as 
slagging and tube-bank fouling are concerned, several 
fuel variables are considered mcluding (1) ash content, 
(2) ash analysis, particularly the sodium and vanadium 
levels and the concentration of major constituents, (3) 
melting and freezing temperatures of the ash, and (4) 
the total sulfur content of the oil. Applying this informa- 
tion in boiler design is largely a matter of experience. . . 

Boiler design 

Generally speaking, progressive fouling of furnaces and 
superheaters should not occur if the tube-metal tempera- 
tures do not exceed 1000F. If such trouble is encoun- 
tered, the solution can usually be found in improving 
combustion conditions in the furnace and/or modifying 
the sootblowing procedures. 

Studies on both laboratory and field installations have 
shown that the rate of ash deposition is approximately 
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proportional to the velocity and temperature of the flue 
eases and the concentration of oil-ash constituents in 
lie flue gases. The geometry of the furnace anil the 
soacine o! tubes in the convection banks are selected in 
the desien of a boiler to uwurnfce the rate of deposition. 
It lS common practice to use in-line tube arrangements 
with progressively wider lateral spacings for tubes lo- 
cated m higher gas-temperature zones This ; makes 
bridging of ash deposits between tubes less hkely and 
facilitates cleaning of tube banks by the sootblowers. 

Boiler operation 

Poor aiomization of the fuel oil results in longer flames 
and frequently increases the rate of slag buildup on 
furnace walls which, in turn, makes it more difficult to 
keep the convection sections of the boiler clean. Com- 
ple£ng ccmbustjen before- the gases pass over the first 
row of tubes is especially important. Belauvely large 
carbonaceous particles have a far greater tendency to 
impinge on the tubes than do the smaller ash particles. 
If these larger particles are in a sticky state, thev will 
adhere to the tube* where oxidation will proceed at a 
slow rate with consequent formation of ash. Fouling 
from this cause is difficult to detect by inspection during 
boiler outages because the carbonaceous material has 
usually disappeared completely. It can generally be 
detected during operation since flames are usually long 
and smoky and sparklers may be carried along in the 

^BenE and thorough sootblowing can have a de- 
cisive effect on superheater and reheater fouling. To be 
fully effective, however, sootblowing cycles should be 
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S . 28 Effect of gas ana ro«al.iOT|»ra*rW or !Xr^* 150 
%, 3X6. ana 321 alloys .n a umt fired wtno.l eomainffl J50 
>m vanadium, 70 ppm sodium, and 2-5% sgltur. lew our 
ion 100 Hours. 



frequent enough so that ash deposits cannot build up to 
a thickness where their surfaces become semi-molten. It 
this point is reached, complete removal of the ash de- 
posit can be very difficult because the sootblowers now 
have a dual task to perform-. (X) to cool the surface of 
the deposit below its freezing temperature and U) to 
shatter the now solid mass of slag and break its bond 
to the tube surface. In instances of extreme slagging, it 
is sometimes necessary to relocate sootblowers, install 
additional sootblowers to control deposition in a cribcai 
zone, or to use additives. _ 
The boiler load cycle can also have a significant ei- 
feet on the severity of slagging and superheater fouling. 
A unit that is base-loadedlor long periods is more apt 
to have fouling problems on a borderline fuel oil than a 
unit that takes daily swings in load. In the latter in- 
stance, the furnace, generally remains daw^»... 
periodic shedding of slag, with the result that the gas 
temperatures through the superheaters are appreaably 
lower This eases the burden on the sootblowers and 
goes a long way towards controlling ash-deposit forma- 
tion in the superheater-reheater tube banks. Over bad- 
ing the boiler, even for an hour or two a day. should be 
avoided, especially if excess air has to be lowered to the 
point where some of the burners are starved of air. The 
furnace is apt to become slagged and ash ^«ion 
creeps into the superheater and reheater tube banks. 

Oil-ash corrosion 
High-temperature corrosion 

The sodium-vanadium complexes, usually found in oil- 
ash deposits, are corrosive when molten. The corrosion 
mechanism is probably one of accelerated oxidfmon of 
met*l brought about by oxygen transfer to its surface by 
the constituents in the molten ash, accompanied by the 
removal by the ash of the- normal protective oxide coat- 
ing on the metal surface. 

Corrosion can also be caused by sulfate attack, par- 
ticularly when sodium (or some other) chloride is also 
present in the fuel oil, and this may occur at metal tem- 
peratures as low as 1000F- This type of corrosion is more 
apt to be encountered on boilers burning a low-vana- 
dium fuel oil but containing several hundred ppm ot 
sodium chloride. Even when the chloride content oi the 
fuel oil is negligible, sulfate corrosion may sttU be 
severe when reducing or alternating oxidizing-reducmg 
conditions prevail around the tubes. 

A measurable corrosion rate can be observed over a 
wide range of metal and gas temperatures, depending 
on the amount and composition of the oil-ash deposit. 
Fie- 26 shows the combined gas and metal temperature 
effects on corrosion for a specific fuel oil ~?P°»™* 7 
150 ppm vanadium, 70 ppm sodium, and 2.5ft sullur... 
As the vanadium concentration of the fuel oil varies the 
amount of corrosion, compared to a lSO-ppm vanadium 
fuel, will increase or decrease according to the curve 

$h The effecfofthe sodium level in the fuel oil is not 
quite so clear-cut because combustion conditions and 
the chloride content of the fuel oil may be confroUmg. 
The sodium content does, however, definitely affecj .the 
minimum metal temperature at which corrosion will be 
significant. 
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Fig. 29 Effecx of vanadium concentration on oil-ash corrosion. 

At the present time there does not appear to be any 
alloy that is immune to od-asb corrosion. In general, rne 
higher the chromium content of the alloy the more re- 
sistant it is to attack This is the main reason for the 
use of l8Cr-8N; alloys for high-temperature superheater 
tubes. High chromium contents, greater than 30% 
cive added corrosion resistance but at the expense of 
physical properties; 25Cr-20Ni has been used as a tube 

cladding but even tto has n0t P r0vided ^P 1 ^ 
protection. The presence of nickel in high-temperature 
alloys is needed for strength. High-nickel alloys may be 
fairly resistant to oil-ash attack under oxidizing condi- 
tions but they are liable to sulfide attack brought about 
by local reducing conditions or by the presence of 
chloride in the ash deposit. Since it is difficult to avoid 
such conditions entirely, high-nickel content of alloys 
may be of limited value. In any event, the higher ma- 
terial cost must be justified by longer life, which is not 
always predictable. 
Low-twnperature corrosion 

In oil-fired boilers the problem of low-temperature cor- 
rosion resulting from the formation and condensation of 
sulfuric acid from the flue gases is similar to that pre- 
viously described for coal firing. 

Oil-fired boners are more susceptible to low-tempera- 
ture corrosion than are most coal-fired units for two 
reasons: (1) the vanadium in die oil-ash deposits » a 
good catalyst for the conversion of S0 2 to S0 3 and (Z) 
mere is a smaller quantity of ash in the flue gases. Ash 
particles m the flue gas reduce the amount of S0 3 vapor 
in the gas. Since oil has considerably less ash than coal, 
significant differences would be expected. Furthermore, 
coal ash is more basic dian oil ash and tends to neu- 
tralize any acid deposited, oil ash generally lacks this 
capability. 

Under certain conditions, ou-fired boilers may emit 
acidic particulates from their stacks that stain or etch 



painted surfaces in the neighborhood of the plant. The 
acidic deposits or smuts are generally caused by metallic 
surfaces (air beaters, flues and stacks) operating well 
below the acid dew point of the flue gases or by soot 
winch has absorbed sulfuric acid vapor in its passage 
through the boiler. Methods that can be used to prevent 
acid-smut emission include; 

1. Minimize S0 3 formation in the flue gases, 

2. Neutralize S0 3 in flue gases, 

3. Maintain all surfaces in contact with the flue gases 
above about 2S0F and, 

4. Completely burn fuel oil to eliminate soot particles. 

Methods of control 

The methods of control that have been used or proposed 
to control fouling and corrosion in oil-fired boilers are 
summarized in Table U. but in every instance econom- 
ics governs their applicability. There is no doubt that 
reducing the amount of ash and sulfur entering the fur- 
nace is die surest means of control, and that mimmizmg 
the effects of the ash constituents, ones they have de- 
posited on the tubes, is the least reliable. Since the se- 
verity of fouling and corrosion depends not only on the 
fuel-oil characteristics but also on boiler design and op- 
erating variables, a generalized solution to these prob- 
lems cannot be prescribed. 



Reduce amount of 
fuel Mh constituents 
w ihc furnace 



MiTunwe amounts of fuel 
ash constituents reaching 
btat uansfer *urf aces 



Minimize effects of 
boning and corrotive 
compounds in ash deposits 



Fuel Oil Supply 



Design 

Furnace geometry 
Tub© bank arrangement 
Metal tempera rum 
Ca» temperature 
^ SootblowcT arrangement 



Load cycle 
Sootblowing schedule 
Combusnon— Excess air 
Additive* 
Water washing 



Fuel oil supply 

Although fuel selection and blending are practiced to 
some extent in this country, it is done to provide, saie 
and reliable handling and storage at the users plant 
rather than to avoid fouling difficulties. Since the thresh- 
old limits of sodium, sulfur and vanadium are not ac- 
curately defined for either fouling or corrosion, utiliza- 
tion of these means of control cannot be fully exploited- 
Processes arc available for both the dtisulfurization 
and de-ashing of fuel oils. Water washing of residual 
fuel oil has been successfully applied to a few marine* 
type boilers, but it is doubtful that it will be widely used 
because only sodium and sediment, mainly rust and 
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sand, are removed by the process. Use of low-sulfur, 
low-ash crudes and desulfurized fuel oil is expected to 
increase (see ako Chapter 18). 
Fuel oil additives 

The practice of water washing out of service and, to a 
limited extent, in service has been beneficial in over- 
coming some of the troubles experienced with present 
oil fuels. In addition, continued study of the problem 
has revealed another approach that is effective where 
the fuel-oil ash is most troublesome. Iu bnef . the method 
involves adding to the fuel or furnace small amounts of 
materials that change the character of the ash suffi- 
ciently to permit its removal by steam or air sootblowers 
or air lances. 

Additives are effective in reducing the troubles asso- 
ciated with superheater fouling, high-temperature, ash 
corrosion, and low-temperature sulfuric acid corrosion. 
Most effective are alumina, dolomite and magnesia. Kao- 
lin is also a source of alumina. Analyses of typical super- 
heater deposits from a troublesome fuel oil before and 
after treating it with alumina or dolomite, are shown 
in three bar graphs at the left in Fig, 30. The results for 
a different oil treated with magnesia are shown in the 
bar graph at the right. 




In general the amount of additive used should be . 
about equal to the ash content of the fuel oil. In some 
instances, slightly different proportions may be required 
for best results, especially for high-temperature corro- 
sion reduction, in which it is generally accepted that 
the additive should be used in weight ratios of 2 or 3 to 
1. based on the vanadium content of the oil. 

Several methods have been successfully used to intro- 
duce the additive materials into die furnace. The one 
in general use consists of metering a controlled amount 
of an additive oil slurry into the burner supply line. The 
additive material should be pulverized to 100% through 
a 325-mesh screen (44 microns) for good dispersion and 
minimum atomizer wear. 

For a boiler Ered by a high-pressure return-flow oil 
system, it has been found advantageous to introduce the 
additive powders by blowing them into" the furnace at 
the desired locations. The powder has to be 100% 
through a 325-mesh screen for good dispersion. 

A third, and more recent method, is to introduce the 
additive a> a water slurry through specially adapted 
sootblowers or lances. This method offers the advantage 
of applying the additive in exactly the location desired, 
with a possible reduction in the quantity required. Some 
caution should be observed with thi* system to prevent 
possible thermal shock ( queneh-cracking ) damage to 
the hot tubes. The presence of chlorides in the water 
slurry, from either the water or the additive material, 
could possibly produce stress-corrosion cracking of aus- 
tenitic tubing 3nd should be considered. 

The choice of the particular 3dditive material depends 
on its availability and cost to the individual plant and 
the mcdiod of application chosen. For example, alumina 



The reduction of fouling and high-temperature cor- 
rosion is accomplished basically by producing a high- 
melting-point ash deposit that is powdery or friable and 
easily removed by sootblowers or lances. When the ash 
is dry, corrosion is considerably reduced. 

Low-temperature sulfuric-acid corrosion is reduced by 
the formation of refractory sulfates by reaction with the 

S0 8 gas in the flue-gas stream. By thus removing the 
SO, gas the dew point of the flue gases is sufficiently 
reduced to protect the metal surfaces. The sulfate com- 
pounds formed are relatively dry and easily removed by 
the normal cleaning equipment. 
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causes greater sprayer-plate wear than the other ma- 
terials when used in an oil slurry. 

The quantity of deposit formed is, of course, an im- 
portant consideration for each individual unit from the 
aspect of cleaning. A comparison of the amounts of de- 
posit formed with different additives shows that dolo- 
mite produces the greatest Quantity because of its sul- 
fating ability, alumina and kaolin form the least, and 
magnesia is intermediate. However, when adequate 
cleaning facilities are available, the deposits are easily 
removed, and the quantities formed should not be a 
problem. 
Excess-air control 

As mentioned previously the problems encountered in 
the combustion of residual fuels -high-temperature de- 
posits (fouling), high-temperature corrosion, and low- 
temperature sulfuric-acid corrosion -all arise from the 
presence of vanadium and sulfur in their highest states 
of oxidation. By reducing the excess air from 1% to X or 
2%, it i$ possible to avoid the formation of fully oxi- 
dized vanadium and sulfur compounds and, thereby, 
reduce boiler foaling and corrosion problems. 

In a series of tests on an experimental boiler, it was 
found that the maximum corrosion rate of type 304 
stainless steel superheater alloy held at 12S0F in 2100F 
flue gas was reduced more than 15% (swr Fig. 31 ) when 
tbe excess air was reduced from an average of 1% to 
a level of 1 to 2fo. Moreover, the ash deposits th3t 
formed on the superheater bank were soft and powdery, 
in contrast to bard, dense deposits that adhered tena- 
ciously to the tubes when the excess air was around 7%. 
Also, the rate of ash buildup was only half as great. Op- 
eration at the 1 to 2% excess air level practically elimi- 
nated low-temperature corrosion of carbon steel at all 
metal temperatures above the water dew point of the 
• flue gases (Fig. 32). However, much of the beneficial 
• effects of low excess-air combustion are lost if die excess 
- air at the burner fluctuates even for short periods of time 
to a level of about 5%. Carbon loss values for low ex- 




f excess a«r on low-temperature corrosion of 



cess air were approximately 0.5%, which is generally 
acceptable for electric utility and industrial practice. 

A number of large industrial boilers both in this coun- 
try and in Europe have been operating with low excess 
air for several years. As a result, the benefits in reducing 
low-iemperatuie corrosion are well established tor units 
with steam temperatures of 1000F or less. However the 
benefit* on high-temperature slagging and corrosion are 
not wholly conclusive. In any event, great care must be 
exercised to distribute, the air and fuel oil equally to the 
burners; and combustion - conditions must be continu- 
■ously monitored to assure that combustion of the fuel is 
-complete before -the combustion gases enter the convec- 
tion tube banks. 
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Dear Sir: 



I, Michael Durham, state as follows: 



1 . I received a Bachelor of Science in Aerospace Engineering from Pennsylvania 
State University in 1971; a Master of Engineering in Environmental Engineering from the 
University of Florida in 1975; a Ph. D. in Environmental Engineering from the University of 
Florida in 1978; and a Master of Business Administration from the University of Denver in 1997. 

2. I have been previously employed by the National Academy of Sciences (1972- 
1973), the American Psychological Association (1973-1974), Environmental Engineering 
Consultants (1975-1978), Denver Research Institute (1978-1985, and ADA Technologies, Inc. 
(1985-1996) (of which I was I founder and Executive Vice President). I am a cofounder and 
President of ADA Environmental Solutions, LLC, and a shareholder, President, and member of 
the Board of Directors of ADA Environmental Solutions, Inc. ADA Environmental Solutions, 
Inc., was founded in 1996 to commercialize environmental technologies to help existing coal 
fired-boilers meet more stringent environmental regulations. ADA Environmental Solutions, 



Application No. 10/622,677 

LLC, the owner of the above patent application, is a wholly owned subsidiary of ADA 
Environmental Solutions, LLC. 

3 . For the past 28 years, including during my employment by Environmental 
Engineering Consultants, ADA Technologies, Inc., and ADA Environmental Solutions, Inc., I 
have been involved in the measurement and control of air pollution from utility and industrial 
sources. The majority of this work was directed at reducing emissions of particulates, sulfur 
oxides, nitrogen oxides, and mercury from coal-fired boilers. 

4. I have received numerous honors in the area of air and waste management, with 
specific emphasis on coal-fired utilities. For example, from 1989 to 1990 I was Chairman of the 
Rocky Mountain States Section of the Air and Waste Management Association (A&WMA), from 
1994 to 1996 1 was Chairman of the A&WMA National Technical Committee on Control of 
Particulate Matter and Acid Gases, and from 1999 to 2002, 1 was Chairman of the A&WMA 
Emission Control Division. I was the 2001 winner of the A&WMA Sensenbaugh Award for Air 
Pollution Control Technology and the 2003 winner of an R&D 100 Award for Mercury Control 
Technology for coal-fueled boilers. In 2001, 1 was appointed by the DOE Secretary Abraham to 
the National Coal Council. I have published over 180 papers related to air pollution 
measurement and control. 

5 . I submit that I am qualified to testify as to the understanding of one of ordinary 
skill in the relevant arts of air and waste management and utility design and operation at the time 
the above-identified application and the provisional application (from which the above-identified 
application claims priority) were filed. 

6. In connection with the Office Action mailed January 29, 2004, 1 reviewed the - 
following documents: (a) the Office Action; (b) U.S. Patent 6,484,651 to Shepard, Jr., et al. ("the 
Shepard Patent"); (c) the above application ("the Subject Application"); and (d) U.S. Provisional 
Application Serial No. 60/213,915, filed June 26, 2000, entitled "Low-Cost Technology to 
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Improve Operation of Cyclone Furnaces Firing Low-Sulfur Western Coals" ("Provisional 
Application") from which the Subject Application claims priority. 

7. At pages 3-5 of the Office Action, the Examiner states that the sub-bituminous 
coal limitation of dependent claims 2 and 20 of the Subject Application, namely that "the solid 
fuel comprises a sub-bituminous coal", fails to comply with the written description requirement 
of 35 U.S.C.§1 12, first paragraph, because the limitation was not described in the specification of 
the above application in such a way as to reasonably convey to one skilled in the relevant art that 
the inventor(s), at the time the application was filed, had possession of the claimed invention. 

8. I disagree. The Subject and Provisional Applications each reference coals from 
the Powder River Basin of Montana and Wyoming (Provisional Application at pages 3-5 and 8; 
Subject Application at page 1, lines 8-1 1) and the Subject Application refers specifically to "sub- 
bituminous coal" as the solid fuel feed (Subject Application at page 6, line 9). Because coal in 
the Powder River Basin is primarily sub-bituminous coal, the reference to the Powder River 
Basin would convey to one skilled in the relevant art that the inventors, at the time the 
Provisional and Subject Applications were filed, had possession of the invention claimed in 
claims 2 and 20. 

9. At page 4 of the Office Action, the Examiner states that the cyclone boiler 
limitation of claim 5, namely that the boiler is a cyclone boiler, fails to comply with the written 
description requirement of 35 U.S.C.§1 12, first paragraph, because the limitation was not 
described in the specification of the above application in such a way as to reasonably convey to 
one skilled in the relevant art that the inventor(s), at the time the application was filed, had 
possession of the claimed invention. 

10. I disagree. The Subject and Provisional Applications each specifically refer not 
only to the general class of boiler that includes the cyclone boiler, namely wet-bottom boilers, 
(Provisional Application at page 2; Subject Application at page 6, lines 15-18) but also 
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specifically to cyclone boilers (Provisional Application at pages 1-5 and 7-8 and Subject 
Application at Figure 1, page 1, line 24 to page 2, line 19, page 5, lines 16-17, and page 6, lines 
15-18). These references would convey to one skilled in the relevant art that the inventors, at the 
time the Provisional and Subject Applications were filed, had possession of the invention 
claimed in claim 5. 

11. At page 4 of the Office Action, the Examiner states that the pulverizing limitation 
of claim 7, namely that the solid fuel is pulverized prior to being introduced into the boiler, fails 
to comply with the written description requirement of 35 U.S.C.§ 1 12, first paragraph, because 
the limitation was not described in the specification of the above application in such a way as to 
reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention. 

12. I disagree. The Subject Application discloses a "slag type" furnace in which a slag 
layer forms on a surface of the burner and captures coal particles for combustion. (Subject 
Application at page 1, lines 21-23) Both the Subject and Provisional Applications disclose a 
cyclone furnace or boiler and wet-bottom boilers as noted in Paragraph 10 above. "Pulverized" 
coal boilers include both wet-bottom and dry-bottom boilers using a pulverized coal feed. A 
cyclone boiler is a type of wet-bottom boiler for which the coal feed is crushed but not 
pulverized. A cyclone boiler is the only type of wet-bottom boiler which uses crushed but not 
pulverized coal feed. While it is true that pulverizers and crushers are differing types of devices 
and produce different size distributions of coal feed, the reference to the genus "wet-bottom 
boilers" would reasonably convey to one skilled in the relevant art that the inventors, at the time 
the Provisional and Subject Applications were filed, had possession of the subject matter of 
claim 7. 

13. At page 4 of the Office Action, the Examiner states that the subject matter of 
claim 12, namely that the boiler includes a pulverizer and a fuel transfer system communicating 
with the pulverizer and the burner, fails to comply with the written description requirement of 35 
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U.S.C.§1 12, first paragraph, because the limitation was not described in the specification of the 
above application in such a way as to reasonably convey to one skilled in the relevant art that the 
inventor(s), at the time the application was filed, had possession of the claimed invention. 

14. I disagree. As noted previously, the Specifications of the Provisional and Subject 
Applications reasonably convey to one skilled in the relevant art that the inventors, at the time 
the Provisional and Subject Applications were filed, had possession of wet-bottom boilers, 
whether using pulverized or crushed coal feed. It necessarily follows that the pulverizer is 
located upstream of the combustion chamber. The burner is disclosed at page 2 of the 
Provisional Application and in Figure 1 of the Subject Application. The fuel transfer system is 
disclosed at page 7 of the Provisional Application and in Figures 4-5 and pages 14, lines 7-13 
(coal feed pipes 244a,b) and 17, lines 14-15 (coal feed lines 344a,b). Finally, the combustion 
chamber is described at page 2 of the Provisional Application and in Figure 1 and at page 1, line 
28, and page 2, lines 7-9, (combustion chamber 108) of the Subject Application. 

15. I have reviewed proposed Figure 9 and find it to be supported by both the 
Provisional and Subject Applications. 

16. For at least the reasons set forth above, the subject matter of claim 12 is described 
in the Specifications of both the Provisional and Subject Applications in such a way as to 
reasonably convey to one skilled in the relevant art that the inventors, at the time each of the 
applications was filed, had possession of the claimed invention. 

17. At page 4 of the Office Action, the Examiner states that the subj ect matter of 
claim 14, namely that the concentration of iron-bearing material to solid fuel is from about 0.5 to 
about 2.5 weight percent, fails to comply with the written description requirement of 35 
U.S.C.§1 12, first paragraph, because the limitation was not described in the specification of the 
above application in such a way as to reasonably convey to one skilled in the relevant art that the 
inventor(s), at the time the application was filed, had possession of the claimed invention. 
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18. I disagree. The Provisional Application discloses, at page 8, a concentration of 
iron-bearing material to solid fuel of 20 lb/ton or 1 wt.%. The Subject Application discloses at 
page 9, lines 6-7, iron-bearing concentrations relative to the solid fuel of 10 lb/ton (or 0.5 wt.%), 
20 lb/ton (or 1.0 wt.%), and 50 lb/ton (or 2.5 wt.%). For at least the reasons set forth above, the 
subject matter of claim 14 is described in the Specifications of both the Provisional and Subject 
Applications in such a way as to reasonably convey to one skilled in the relevant art that the 
inventors, at the time each of the applications was filed, had possession of the claimed invention. 

19. Finally at page 5 of the Office Action, the Examiner states that the subject matter 
of claim 29, namely that the concentration of carbon-containing compound in the iron bearing 
material is from about 0.1 to about 10 weight percent, fails to comply with the written description 
requirement of 35 U.S.C.§112, first paragraph, because the limitation was not described in the 
specification of the above application in such a way as to reasonably convey to one skilled in the 
relevant art that the inventor(s), at the time the application was filed, had possession of the 
claimed invention. 

20. I disagree. This precise concentration range is disclosed in the Subject 
Application at page 12, lines 17-18, which discloses that the additive can include "from about 0.1 
to about 10 wt.% (dry basis) greases and oils." The Provisional and Subject Applications further 
disclose additive carbon compound concentrations within this range at page 8 of the Provisional 
Application and page 15, lines 2-4, of the Subject Application (boiler slag in a concentration of 
about 2 to a about 20 wt.% and more preferably of about 2 to about 10 wt.%). The Subject 
Application discloses at page 13, lines 10-13, the addition of xanthium gum (or another organic 
adhesive) in a ratio of about 100:1 (or 1 wt.%) to 1000:1 (or 0.1 wt.%) parts additive to part 
adhesive. 

2 1 . For at least the reasons set forth above, the subject matter of claim 29 is described 
in the Specifications of both the Provisional and Subject Applications in such a way as to 
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reasonably convey to one skilled in the relevant art that the inventors, at the time each of the 
applications was filed, had possession of the claimed invention. 

22. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further, that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the application 
or any patent issuing thereon. 



Respectfully submitted, 




By: 




^ Michael Durham 



